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INTRODUCTION

Man’s explosive intrusion into forest ecosystems has not only
affected the present character of our forests but in a more pro-
foundly disturbing way has also affected the evolution of our
future forests. Not only are the trees growing today different
from those of past decades, but we have often lost the resilient
capacity of this renewable resource to respond to the changing
demands of nature and man. When whole forests are lost, the
genes are lost, and replanting the land cannot recover the potential
of any extinct genes. Even during breeding, the genetic resource
may often be so reduced that future evolution is halted. Today,
forests are being more intensively exploited and the forester has
an obligation to safeguard the future of his resource. He can con-
structively direct the evolution of forests toward increased pro-
ductivity within a genetic system that is capable of cumulative
improvement and of meeting the varying and uncertain demands
of the future.

If the genetic resource is to be effectively used and forest
composition extensively controlled, we must look for ways to
optimally control the evolutionary system of the whole species,
and not just the transient status of any one generation. The forest
scientist is thus obliged to understand the forces which have con-
trolled or can control the evolving forest and to predict the conse-
quences of directed or accidental changes in both the genetic
and ecological systems. The potential benefits of tree breeding are
widely recognized, and forest tree breeders will undoubtedly have
at least partial control of the genetic basis of future forests. The
forest geneticist must therefore understand the genetic materials
and the manipulative techniques available. Quantitative genetics
can help him to rationalize his tactics and strategies. It provides
a means to construct unifying and explicit theoretical structures
and testable hypotheses of alternate theories and practices.

During the past two decades, forest geneticists have devoted
most attention to observing inheritance patterns, correlations
among traits, and developmental relations among traits and be-
tween juvenile and mature tree performances. Much work has
also been devoted to estimating the apportionment of genetic
differences between and within seed sources, the utility of hybrids,
and the economic and biological constraints of forest trees which
affect breeding operations. Thus, the forest geneticist has begun
to develop a greater understanding of the organisms handled and
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a pool of materials for starting a process of controlled evolution.
However, the past two decades have also produced major develop-
ments in the science of genetics and the theoretical foundations of
evolutionary and breeding theory. Thus, the tree breeder often
finds that his initial efforts have provided him with a good basis
for directing the evolution of future forests but that there now
exists a vast array of new selection theories.

This book is a guide for forest geneticists to the more useful
techniques and theories of that collection of applied mathematics,
statistics, population biology, and genetics which is collectively
called quantitative genetics. Those parts of the theoretical and
analytical techniques which can be useful in forestry are reviewed.
However, there is no general review of the forest genetics litera-
ture. No detailed instructions on breeding mechanics or seed pro-
duction are given, nor are many specific population or provenance
studies reviewed excent to illustrate how the basic principles and
theories are applied. Within most chaoters, a skeletal guide to the
necessary concepts is given with applications to forestry. Often,
topics which are not immediatelv applicable to forestry are dis-
cussed because of their potential future importance as our scien-
tific knowledge increases. For the most part, the book requires
undergraduate college-level mathematics, statistics, and genetics.
Several special topics require a background in graduate-level sta-
tistics, but these are not essential to the continuity of subjects.
Such topics are labeled with an asterisk.

The chapters are grouped into two sections. The first section is
devoted to the breeding and population genetic theories applicable
to forest tree breeding. The first chapter is devoted to the basic
models of gene effects and genetic variances which form the basis
for selection and breeding theories. Chapter 2 is devoted to the
application of those statistical and population genetic concepts to
the study of selection effects and how selection can be made
effective in tree breeding. Then, chapter 3 considers selection
theory as applied to plant breeding and tree breeding in particular.
The strategy of breeding is discussed with respect to the objectives
and the tactics available in chapter 4. Some special problems in
developing an optimal breeding program in forestry are discussed
in chapter 5.

The second section is devoted to a deeper examination of the
population ecology models on which the genetic models are built
and the statistical models and methods used. These areas of
currently expanding research can clearly affect the breeding
operations of foresters in the near future. Chapter 6 is devoted
to the population ecology related to forest trees. Chapters 7 and 8
are devoted to the statistical developments which can directly
affect tree breeding. Chapter 9 is a more detailed examination of
population genetic theories related to forest trees. Finally, chap-
ter 10 considers research in forest genetics needed to fulfill the
forester’s obligation to create an optimal evolutionary system for
future forests.



CHAPTER 1
MODELS OF GENE ACTION

To the unpracticed eye, forests may at first seem to be mono-
lithic, immutable masses with uniform shape and behavior. How-
ever, a closer look readily reveals tremendous variations in age,
size, and species of trees—even a single stand of trees cannot be
completely characterized by any single concept or measure. Varia-
tions exist around some average form or behavior, and an acute
observer may discern a pattern in the individual-tree deviations
from the norm. Scientists are interested in determining causes
for some of those deviations, and they have found that clusters
of performance types exist. Thus, our knowledge of the nature
of forests has advanced from a perception of uniformity to a
concept of an average with variation, and to an analysis of the
sources of variation. In this scientific search for causes of varia-
tion, models are formulated and tested against reality, and better
models formulated. In forest genetics, we have generally passed
the stage of estimating means and are now estimating variations
and evaluating the relative importance of different sources of
variable behavior.

In this chapter, simplistic concepts of tree populations are
described, along with effects of genetic differences on these popu-
lations. The concepts of mean and variance are used in population
models to ascribe variation to environmental and genetic causes.
The essentials of population genetics are then introduced as a
basis for the subsequent chapters on selection and breeding. These
statistical and population concepts are explored in greater depth
in chapters 6 and 7.

DESCRIPTIVE STATISTICS

Almost any collection of trees varies considerably in a multitude
of traits. The responses of trees to even the same sequence of
environmental conditions usually differ sufficiently to produce
recognizable variations in height, weight, color, odor, or other
measurable traits including the physiological response system
itself. Since trees also grow under different environmental
sequences, even in managed plantations, large variations in indi-
vidual tree behavior commonly exist. Silviculturists treditionally
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have recognized and used some of the causes of these differences.
The recent history of silvics is largely devoted to effects of such
factors as age, spacing, and soil type on tree behavior. Even
accounting for these major sources of variation, considerable
variations still remain unexplained and can often mask even major
site effects.

If general groups of behavioral types can be recognized, then
it is useful to know the average performance for each group as
well as how tightly clustered the groups are. Traditional and
useful descriptors are the mean () and variance (¢?), which
are defined as:

Mean =3 f; 2 =
Variance=3 f; x2—p2=o0?

where f; is the frequency of the it type, and x; is the value of
that type.

If the measurements are made on a continuous scale, the defini-
tions become:

Mean={zf(x) drx=p
Variance= {x%f (x) dax—p?,

where f(x) is the probability density function of x, and « is the
value over the whole range.

Once we recognize that the population is not a single, uniform
entity which can be described by a single statement, the above
two descriptors often suffice for a statement of central location
and degree of dispersion. However, once causes of that variation
are considered to exist and hypothesized in a conceptual model to
affect the trait, then the mean depends on the level of the causal
mechanism and the variance depends on whether we consider the
dispersion of the whole population or only that around the mean
at one level of the causal factor. If soil fertility affects diameter
of a tree at a given age, then we might conceive of a consistent
increment in size for unit increments in fertility. The population
mean and total variance measured in ignorance of soil fertility
remain as they were, but the informed forester would be interested
in descriptions of the mean for each fertility level and the varia-
tion around those means. He would also be interested in describ-
ing the relationship between the fertility levels and those means.
The regression is a useful way to describe these relationships
according to the conceived model of cause and effect, and it is a
useful third measure for describing the true state of the world.

Foresters have traditionally been interested in environmental
or silvicultural control of tree behavior and have frequently used
regression first to describe effects of environmental factors and
then to modify the forest environment for improved performance.
Thus, if potassium levels, for example, affect tree size within a
plantation, and if soil samples can be taken, the potential to
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improve growth may exist. While other factors may continue to
cause variations in size even among trees at the same fertility
levels, the total variance can be partitioned into a part due to
those unexplained other sources of variance, and a part due to
variations in potassium. If the unexplained causes of variation
are unrelated to potassium effects and if they occur independently
of potassium levels, the total variance would simply be the sum
of the two variances. The forester would presumably conclude
that increased yields would follow from increased potassium
applications, and he might even be able to eliminate that as a
source of variance and have a more uniform stand. If he were a
scientist, he would check his deductions against results and would
likely find his initially conceived models inadequate. He might
then propose better models of growth and fertilizer response and
develop this branch of science.

In genetics, a similar sequence of development is involved and
can be described by similar kinds of parameters. It is clear that
genes do affect growth behavior, and for some populations of
trees part of the variation in size is due to differences in genes
possessed by individual trees. There may well exist considerable
variations in behavior, even for the same genetic state, but the
total variance would still be partitionable into a part due to
genetic causes and a part due to other effects, such as fertility,
and other unexplained differences. The forester would then also
be justified in concluding that fixing the correct genes could give
him behavioral improvements.

However, two major differences exist between genetic and
environmental sources of variation. First, the genetic sources of
variation are often caused by so many genes that, through proper
breeding, they constitute a renewable resource which can continue
to yield cumulative improvements. Unlike fertilizer treatments,
the objective of gene management often is not just to fix the best
available genotype but to use genetic recombination to generate
more useful variations. The second major difference is our inability
to directly observe and control most genes and hence our inability
to directly create an ideal genotype, even if one could be defined.
Therefore, to thoroughly understand and use the genetic resources
of tree populations, we require more sophisticated concepts of
breeding than simply picking and fixing the best. We must under-
stand how genes act; we must formulate explicit models before
we can establish anything near ideal breeding procedures.

GENETIC SOURCES OF VARIATION

The description of gene actions which shall be used here is
based on the simple Mendelian model of two alleles at a genetically
active locus and the genotypes which may thus exist. Considering
genotypes to be fixed at any one time and describing the variation
caused by the effect that such genotypic differences would have
on average performance differences is similar to describing the
variation due to any other source, such as soil fertility.



If stem-volume growth averages 100 units per tree and no
recognizable fertility differences exist in the population, the trees
may still vary in performance due to unknown causes. A sample
of these trees might measure 101, 104, 93, 102, 97, 99, 103, ete,,
and carry an average near 100, a range of 11, and a variance due
to unidentified causes of around 10. If the population contained
variations in genetic composition such that some of the trees had
a growth average of 95 units, then a sample of trees with that
genotype might be 96, 98, 99, 94, 88, 92, 97, etc., carrying an
average near 95 and a variance due to those same unidentified
causes (residual variance) of around 10. If another genotypic
variant existed at random in the same population and had an
average growth of 100, a sample of its trees might be 93, 96, 99,
102, 102, 104, 101, etc., with residual variance around 10. If a
third genotype existed and its trees measured 106, 109, 107, 108,
98, 102, 104, etc., averaging 105 with the unexplained residual
variance of around 10, it can be observed that the total variance
has increased if all genotypes are included in the same population
sample. Whereas the range of variation in the initial population
was from 93 to 104, the range now is 838 to 109. The actual vari-
ance in this more variable population would then depend on the
relative frequencies of the genotypes. If almost all were of any
one type, the variance might not be much different than originally,
but if almost all were equally split between the extreme types,
then the variance would be considerably larger.

Consider that the three types described above may be the three
genotypic variants generated from two alleles, A and A’, namely,
A’A’, A’A, AA. If they were equally frequent in the population,
then the trees from all types would be roughly equally sampled
and the variance due to genotypic differences would be 16-2/3.
The total variance for a sample, including the residual variance,
would be the sum of the genetic and residual variances, 26-2/3,
if genotypes were randomly located with respect to those unidenti-
fied sources of variance. More typically, however, the relative
frequency of the genotypes is not equal but is dependent on other
factors such as the relative frequency of the alternate alleles and
mating patterns. If the alleles were equally frequent (0.5 each)
and mating was random, the relative genotypic frequencies would
be expected to be 0.25, 0.5, and 0.25, respectively, for A’A’, A’A,
and AA. The variance due to genetic differences would be then
12.5. However, if matings were arranged such that only 0.5 A’A’
and 0.5 AA existed, then the variance due to there being just the
two extreme types would be 25.

Gene frequency can affect the variance due to genotypic differ-
ences even with the same model of gene effects. If one allele,
say A, were at very high frequency in the population, and if mat-
ing were random, then almost all trees would be of genotype AA,
and few of the A’A” or A’A would exist or be sampled. Then, the
population mean would be close to 105 and the variance not much
more than the residual level of 10. The same, of course, holds true
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if A were at low frequency, though then the mean would be closer
to 95.

Another factor that can affect genetically caused variance is
the gene-action model itself. Clearly, if the mean differences were
80, 100, and 120, the variance would be much greater than if they
were 99, 100, and 101. Also, if genes acted such that the heterozy-
gote, A’A, did not yield an intermediate value between the homo-
zygotes, then the total variance would change. For example, if
dominance existed, the genotypes A’A*, A’A, and AA might have
values like 95, 105, and 105, and the variance can be larger than
for 95, 100, and 105. If the values were 93.5, 101.5, and 103.5 and
frequencies were 0.25, 0.5, and 0.25, the total genotypic variance
would be 14.5 instead of 12.5 as above, even though the mean
stayed at 100 and the difference between extremes remained at 10.

To describe these effects in simple models, it is useful to parti-
tion the genetic sources of variation into parts ascribable to
classical types of additive and dominance types of gene action.
This can be done in several ways, as detailed in chapter 7, and
one particularly convenient method uses the following definitions
‘and assumptions:

Genotypes are A’A” : A’A : AA
Let g=frequency of one of the alleles, say q..

Assume random mating, which then implies genotypic fre-
quencies (1-9)2 : 2q(1-q) : q¢2

The measured difference between A’A” and AA is u so that
if the variable being measured is 98.5 for A’A’ and
103.5 for AA, u=>5.

The value of the heterozygote A’A is a *+ u, a multiple of
u and a factor “a” which determines how much greater
or less the heterozygote is than an intermediate, or
no dominance position. If complete, classical dominance
exists, A’A and AA are identical, then a=1 and a * u=u.
If no dominance exists, 4”4 is intermediate between
—u, and +u, and a=0. If overdominance exists, then
A’A is larger than AA and its measure, « * u, has a value
larger than u, and hence a>1. If A’A is 101.5 exhibiting
only partial dominance, as in the above example, where
u=>5, then a=0.6, lying between 0 and 1.

Under these conditions, the portion of the genotypically caused
variance called the additive genetic variance is o,2=2¢q (1-q)u?
[1+ (1-2¢)a]? This is the part of the total genetic variance which
can be described as having been caused by the average effect of
substituting one allele, say A, for the other. Hence, it is a measure
of how an allelic substitution in a tree would cause variations in
a tree’s performance, and is similar to the variation in perform-
ance caused by a unit change in fertilizer application. In the



6

above example, ¢,2=12.5. The complementary portion of the
genetic variation is the dominance genetic variance:

op2=4q% (1-q)2? a® u?.

This is the part of the total variation due to the heterozygotes’
failure to behave in a simple intermediate manner. If variations
in performance due to genotypic differences at this locus are not
describable or completely accounted for by a simple model which
adds a unit in yield for an allelic substitution, then dominance
exists, and its effect on genotypic variance is o»®. In the above
example, ¢,2=2.25.

The above two partitions of the total variation are analogous
to a linear and quadratic partitioning of the variance due to any
ordinary type of causal or regression variable. In a soil fertilizer
experiment, it is common to use a few levels of application of a
particular nutrient, say potassium, and to describe its effectiveness
in terms of sums of squares or variance due to the nutrient and
to the linear and quadratic portions of that variance. In such
experiments, it is also common to use other nutrients such as
nitrogen to study their effect on trees and to similarly describe
their total effect in terms of variances accounted for or caused by
those variations. It is often valuable to know the interactions
among nutrient effects as well as the linear and quadratic effects
of nitrogen. The form of the effect of potassium may change with
nitrogen level. In a similar way, the combined effects of two
genetic loci can be described even if they are not as easy to
control or change as soil fertility is.

MULTIPLE-GENE LOCUS MODELS

Consider two loci with roughly the same kinds of gene action
as described above. Each has some average homozygote and
heterozygote yields, and hence some average effect of alleles which
is measured over all variations in external environments and
over all variations in genetic differences at other loci. With this
model, it may be more difficult to perceive average genotypic
differences at any one locus, because the background variations
are larger due to genetic variations of other loci in addition to
the otherwise unidentified variations. Similar gene actions would
cause similar variations, but the genetic variations would include
an 0,2 and op? at each locus. In addition, if interactions between
loci occur as between potassium and nitrogen, then additional
effects and their description in terms of variances must be defined.
These genetic interactions are collectively known as epistasis, and
they can be statistically described as:

additive-by-additive epistasis (linear-by-linear interaction),

additive-by-dominance epistasis (linear-by-quadratic inter-
action), and

dominance-by-dominance epistasis (quadratic-by-quadratic
interaction).
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The classical genetic concepts of epistatic interaction, such as
complementary or multiplicative gene action, would be reflected
in the existence of variations in performance above those expected
on the basis of models assuming independent gene actions.

Greater complications are introduced into the model if three
loci are considered, since not only are more two-way interactions
generated but triple interactions of various sorts may also exist.
Such extensive models would indeed be complicated, and if we
wished to analyze the detailed interactions, our problems would
increase dramatically with each new locus added. Experimental
models on silvicultural treatments with three kinds of variables
are usually as much as can be handled, and certainly four or more
variables soon become impossible to interpret. Yet in genetical
situations, we often deal with effects which cannot be easily
handled physically, are often masked by unidentified variations,
and involve the actions of many genes. In such situations, if single-
gene effects are important, the geneticist will try to isolate those
effects by fixing all other sources of variations including genetic
and environmental sources. More commonly, however, the single-
gene effects are not easily studied and greater concern is centered
on the total cumulative effect of all genes which influence a trait.
Thus, if 20 loci affect growth, the statistic of main interest is the
sum of variances due to the additive gene actions at all loci, or
the sum of variances due to the dominance actions at all loci. The
interactions may also be of interest and use, but again, with many
loci, the sum of all two-way interactions, as for example all the
additive-by-additive epistasis, is of greater interest than the form
of the effects at any one pair.

This approach makes the description and analysis of gene
effects much easier, but also submerges many substantive ques-
tions about the actual interaction of genes. Within a small range
of gene actions and small changes in the frequency of the genes
in any population, the consolidated statistics may accurately and
consistently describe gene actions. For many breeding systems,
gene frequency at each locus changes slowly, though the total
impact of all loci on the phenotype may be large. Through mating
and recombination, the genetic variance at each locus may change,
but total variance may remain fairly constant. For any real popu-
lation, however, very complicated interactions are likely to occur
among loci and are likely to change whenever any one locus
changes much in genotypic composition. Since foresters commonly
deal with traits with fairly complicated morphogenesis, not only
may many genes affect a single-behavior mode, but many physio-
logical systems may be interacting to produce the composite trait
of growth, resistance, etc. Thus, while genetic variance statistics
are highly useful in condensing meaningful data and modeling
population behavior, a complete knowledge of genic systems
requires far deeper and more extensive research. It will eventually
be necessary to recognize and study the genic interactions of traits
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and how genes and physiological systems interact in composite
traits.

For many practical purposes, the gross statistics of the collec-
tive genetic variances and environmental variances are useful
descriptors of factors affecting forest tree behavior, and many
studies have indicated that substantial amounts of genetically
related variation exist. Thus, it is reasonable to consider the
variation of tree behavior in most forests to be due to many
effects, which are simultaneously varying. The genetic sources
of this variance, which can be used and still provide more varia-
tion for cumulative gains, are the focus of interest in this book.

Unfortunately, genetic sources are complex and difficult to
measure and use. Other sources of variation, such as soil fertility,
can be examined by chemical and structural analysis of the soil,
and the relation between those variables and growth determined
by experimental control and test. Genes cannot often be measured
and are generally known only by their action on the trait being
measured. Therefore, instead of directly manipulating genes, other
relationships have to be used to infer something about their
effects.

One kind of relationship useful in analyzing the strength of
genetic variation is the tendency of close relatives to be genetically
more similar than distant relatives or unrelated trees. If genes
have any effect on the trait being studied, then the trait should
show a lower degree of variation within close family groups than
between unrelated trees. Trees with the same ancestors will share
more common genes and hence will behave more similarly to
each other than trees with dissimilar ancestries. However, if the
genes do not affect the trait being studied, then values for the
trait will not be clustered within families. The geneticist, there-
fore, has an instrument by which he can measure the importance
of genetic sources of variation. By comparing the degrees of
variation between related and unrelated trees, the genetic differ-
ences can be seen to have a strong effect if the data cluster in
family groups, or a weak effect if family clusters are diffuse. If
the geneticist can control the degree of relatedness, an exact
relationship between genetic variance and family differences can
be obtained. The closer the family relatedness and the higher the
genetic variance, the higher the variance between the families. If
either relatedness or genetic variance is weak, the variance be-
tween families relative to that within families is small. The rela-
tionship is a multiplicative one:

o =T’

where o/ is variance among families, 7 is coefficient of relation-
ship, and ¢,2 is genetic variance.

This form of relationship is important not only for analyzing
the relative strength of genetic sources of variance, but for also
selecting and breeding. Therefore, before discussing the selection
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process and the relation of gain from selection to gene action and
to genetic variance, let us consider the experimental design and
analysis possible with gene effects.

ESTIMATING GENETIC SOURCES
OF VARIATION

In most studies of response to some manipulated variable, the
variation caused by or attributable to the variable is separated
from the variation caused by other effects or other unidentified
sources. For genetics experiments in which the only controllable
factor is the degree of relatedness within families, the family
groups are the experimental sources of variance which can be con-
trolled and analyzed. The degree of relationship and the strength
of the genetic effects determine the physical distinctiveness of the
family groupings. By knowing or controlling the degree of rela-
tionship, we can study gene effects measuring the similarity of
family members. If variation is largely the result of gene effects,
then close relatives like parent-offspring or sib-sib will be very
similar, as compared with unrelated pairs. The variation in an
offspring population will be correlated with parental-behavior
variations. This condition can be expressed in terms of statistical
regression as a high covariance of relatives. In such cases, the
behavior of trees is predictable from the behavior of their siblings.
If both parents are common between sibs (full-sibs), the covari-
ance is higher than if only one parent (half-sibs) is the same. In
turn, the half-sib covariance is higher than for more distantly
related pairs.

If variation among trees is largely the result of nongenetic fac-
tors and is nearly random with respect to ancestral relationships,
then the degrees of relationship can change as above, but the be-
havioral correlations would be lower. More variations due to
nongenetic effects would reduce the measured covariance of those
relatives. These relationships are derived more extensively in
chapter 7 but can be summarized as follows:

Cov (parent-offspring) =14 6.2+ 14 6as+ . . .
Cov (full-sibs) =14 042+14 02 +14 04s2+ V4 0up?+ . . .
Cov (half-sibs) =14, 042+ 1 g 0aa2+ . ..

From this point of view, the covariance of relatives reflects the
relative similarity of family associations and hence increases as
family groups become more distinctive due to close relationship,
high genetic variation, or both. The genetic variation is reflected
in the variation between family groups, which increases as the
covariance of relatives increases within groups. Then, by con-
structing family groups, the variation between them is a measure
of the covariance within families. Since the covariances are known
functions of the genetic variances as given above, the genetic
variances can then be estimated.
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COEFFICIENTS OF RELATIONSHIP

Genetic variances can be estimated from measures of common
ancestry. Measures of relationship can also indicate the degree of
inbreeding from matings of relatives. Common ancestries are ex-
pressed in terms of probabilities that the trees involved have
alleles derived from common ancestors. Consider that for any two
individuals, a covariance would exist and can be written in terms
of genetic effects if there is some probability that identical genetic
effects occur other than solely by chance in random mating. If
pairs of individuals are randomly chosen from a large population,
then their alleles are expected to occur in the frequencies expected
of the general population. If the pairs have closer relationship, then
the degree of nonrandomness can be measured by the probability
that the alleles in the two individuals are identically derived and
exactly alike. Thus, for a linear model of average and dominance
effects, as we have previously defined, we can derive the covari-
ance between two individuals, X and Y, according to the prob-
abilities that their alleles are the same:

and Y=,u+ay€+ay o T8y v
where «,, is average effect of male parent gene contributed to z,

as o 1S average effect of female parent gene contributed to =z,

@, , is average effect of male parent gene contributed to ¥, o, Qis
average effect of female parent gene contributed to ¥, 8,z is
dominance deviation of parental genes contributed to x, and
8, 4 v ¢ is dominance deviation of parental genes contributed to y.

As developed in chapter 7, se?=14 042, and o5 =op2. If the male
parentage of X and Y is identical, nonrandom, or related in some

way, then a certain probability exists that «; ,=ay, , and the co-

variance of X includes Pr(X,=Y;) (1&) o4* If the female
parentage was somehow nonrandom or related, the Pr(X Q:YQ)
=£0 and the variance contains 3;;Pr (X:=Y,) (14)04% Note that
if we took the probability of a random allele from x and random
allele from y being identical by descent, this probability is X,
14 Pr(X,=Y;), which is Malécot’s (1969) coefficient of co-
ancestry f.. Therefore, 2fs,, =14 3i;Pr(X:=Y;) which can be
used as the coefficient for the o042 contribution -to the covariance
of relatives. If both male and female parentage of X and Y are
related, then FE(8:,:48,,4, ) =P¢(xo,=yc,and Ty =Y.) as®
+Pr(x9=yd.and x,=Y 9) 0s2. Then for any kinds of relationship,
we can trace the various probabilities and determine the contribu-
tions of these genetic variances to the covariance of relatives. For
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example, if the female parent of X and Y were the same, then the
only nonzero probability would be Pr(X ¢=Y,), and it would de-
pend on how the choice of gametes is made in the production of
eggs of the common mother. If the choice is random, then the
probabilty is 14 that the same allele (either one) is chosen and
the contributions of the genetic variance to the covariance of these
half-sibs are 14, ¢42. If both the male and female parents of X
and Y were common, then PT(X9=YQ ) =PT(XO,=Yd.) =14 and
the probability that both are identical is (14) - (14)=14, and
the other probabilities are zero. Therefore, the genetic variance
contributions to the covariance of full-sibs is 1% ¢.2+14 op2
For the case of parent-offspring covariances, if we take the parent
as X and the offspring as Y, the Pr(Xd‘:YQ )=Pr(X,=Y, )=1%
and all other probabilities are zero. Then the covariance of parent
and offspring is (14) 42

If additional genetic loci affect the genetic variances and co-
variances among relatives and if they are independent loci, then
the probabilities of identity by descent for multiple-locus effects
can be added over the genetic variances at each locus. For multiple-
locus epistatic effects, the probabilities of joint identities by
descent are products of the independent probabilities. In such
cases, for any kinds of relatives which have the additive genetic
variance coefficient of @ and a coefficient for o,2 of d, the general
covariance due to all types of genetic variance can be written as:

COV:(LO‘A2+CZO‘D2+(ld0’A1)2+ CL20'AA2+d2O‘[)D2+az2dO'AAD2+ .

or in general Cov=3,; a'd’ o?,; ;.

Inbreeding nullifies the independence assumptions and the prob-
abilities of drawing identical alleles. It is clear, for example, that
if F is defined as the probability that the two alleles at a locus are
identical by descent, the probability that two randomly drawn
alleles are identical is 14 (1+F) instead of (14). With a
parental inbreeding coefficient of F, even with random choice of
parents and hence no inbreeding of the offspring, the a and d co-
efficients used to compute the covariance of relatives are increased
by factors of (1+F) and (1+F)?2, respectively. The problem re-
mains, however, that the 042 and ¢,2 themselves require specifica-
tion with respect to the inbreeding generation they refer to.

Linkage can also affect the probabilities of some gametic com-
binations, the contributions of the epistatic gene effects, as well
as how the additive variances are summed over loci. The manner
in which they affect the covariance of relatives is not an easily
derivable relationship (Cockerham 1956). Nevertheless, if we wish
to exactly define and estimate meaningful parameters, the broad
effects of such factors as linkage and inbreeding must be con-
sidered.

It is also clear that hybrid populations will engender genetic
variances and covariances among relatives with quite unique



12

effects and probabilities of drawing gametic contributions. The
effects of dominance types of intralocus gene actions are unique,
and all types of interlocus epistatic interactions are unique since
the entire genome is a hybrid combination. In addition, gametic
frequencies depend on the differences in gene frequency between
the populations and on the linkage disequilibrium so induced
(Stuber and Cockerham 1966). In our brief review, all of these
effects will be neglected and we shall assume large random-mating
populations with independent loci.

DESIGNS FOR ESTIMATION

In the kinds of designs useful with forest trees, it is often
possible to derive estimates of variances due to family differences
where families are structured into half- or full-sib groups. For
example, if female parents are chosen and a different set of male
parents is chosen for each female, then the variation among off-
spring in different female parent groups is the same as the varia-
tion among half-sibs. Similarly, the variations among the families
of different males within the same female family group is the
variance among full-sibs within half-sib groups. It is thus the
variance among full-sibs, less the variance among half-sibs. If
both estimators are available, then we can estimate as follows:

Variance (female half-sibs) = (14042 +Yeoua’+ - - )

Variance (male full-sibs within
female half-sibs) = (Yoos2+Viop® +140aa%+ ...

—%UA2+%U'D2+§/100'AA2+ o . )

Thus, the female family variance contains only 1. of the additive
genetic variance and a small fraction of additive types of epistasis,
and the male family variance contains that much plus 14 of the
dominance variance. The difference between them therefore con-
tains 1/, of the dominance genetic variance and small fractions of
the epistatic variance.

Since many experimental mating designs can be constructed to
provide similar estimates, populations can be examined for their
genetic sources of variation. Not only are analysis of variance
estimators available, but regressions of offsprings, clones, etc.,
on parental performances also allow one to estimate the variances.
Since precise estimates require large experiments, efficient experi-
mental design is highly desirable. For purposes of this chapter,
recognition of the existence, descriptive forms, and estimability
of genetic variance parameters are sufficient.

Using various experimental procedures, large estimates of ge-
netic sources of variation in forest trees have often been derived.
How have forests evolved such a system? It behooves us to con-
sider the mechanisms by which variations are generated and
maintained. An understanding of the dynamics of forest systems
is desirable for its own sake as well as to help us design more
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efficient manipulative mechanisms to serve the long-term interests
of forests and man.

POPULATION GENETIC BASIS

The basic forces which have molded the system of genetic
variability have been mutation, migration, selection, and random
events. Mutation has rarely been successfully used in breeding
programs and though it is the basic originating mechanism for
new alleles and is occasionally useful, it will be ignored in this
chapter.

Migration, or its lack, and consequent subdivision of the popu-
lation into intraspecies subgroups, has also been an important
factor in evolution but is not a significant manipulative factor
except for constructing or crossing among subpopulational group-
ings. The lack of complete migration of genotypes through a
species leads to separate evolutionary paths being taken by sub-
populations as they respond to selection differences or chance
sampling events. The use of variations among these subdivisions
directly as in provenance selection or as a source of genetic varia-
tion is a useful initial stage of breeding and deserves detailed
analysis. However, we shall consider the directive forces of selec-
tion within any given population as the basis for understanding
selective breeding effects.

In simple models of selection where the effect of a gene is easily
recognized, the breeder either simply fixes the good homozygote
by crossing only among the good genotypes or breeds the heter-
ozygote by crossing the different homozygotes. While dominance
effects may mask the heterozygote, the breeding procedures are
simple and the genetic problem is solved in one or relatively few
breeding generations. In natural selection for reproductive fitness,
selection operates by eliminating defective genotypes. However,
environmental effects or genes at other loci cause some errors in
artificial or natural selection. These errors occur because the
phenotypic expression is different from the average genotypic
expression of the locus, because the selection process is not de-
terministically exact, or because of both factors. In any case, a
slower process of allelic substitution occurs, and the average
changes in progress to higher fitnesses, or more economically
valuable trees, occur in smaller steps each generation.

Considering a single locus with two alleles A and A4’ and its
three genotypes AA, A’A, and A’A’, the change in value from one
generation to the next depends on having more of the preferred
genotypes present. If AA is preferred over A’A’, or has a higher
probability of being selected, then the contribution of parental
trees with AA to the progeny generation will be higher, the A
allele will be more frequent, and hence AA genotypes will often
be more heavily represented in the next generation.

Two genetic factors influence the rate of progress, the relative
probabilities of selection or fitness of the genotypes, and the gene
frequencies. The greater the differences between genotypic fit-
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nesses, or in precision and intensity of selection, the greater the
change will be in any one generation. The only complicating fac-
tor would be the existence of dominance which might mask the
effect of an otherwise unfavorable allele. In the case of over-
dominance, the best genotype is the heterozygote and the general
tendency will be for the population to stabilize gene frequency at
some intermediate level. Otherwise, selection in a consistent di-
rection will tend to eventually fix the favored allele in the popula-
tion, and, in the absence of mutation or immigration, eliminate
the other allele.

The change in gene frequency (g) in response to selection
pressures also affects the rate of change. The change in gene
frequency is a function of the change in fitness and a factor of
q(1-¢). This is a quadratic function with a maximum at ¢=154,
and zero value at ¢=0 or ¢=1. Thus, the most rapid changes in
gene frequency, and hence the most rapid changes in population
fitness, occur in the intermediate ranges of g. Since the actual
response depends on the fitness levels, dominance, etc., the rate
of change may not be symmetrical with respect to gene frequency,
but only when the frequency is intermediate can rapid response
to selection be expected. We can further imply that genes involved
in selection will exhibit most rapid frequency change when fre-
quency is intermediate and therefore will not usually be found in
the intermediate frequency range unless strong dominance to over-
dominance exists, or unless selection is in a transient state.

These simple models have served as good first approximations
but they have some obvious shortcomings. Often, as in competitive
situations, a genotype’s fitness depends on its own relative fre-
quency and hence frequency-dependent selection models require
examination. Discussion of this problem is postponed to chapter 2.
A further obvious complicating factor is that genes rarely act
alone, and in almost all investigations highly intricate develop-
mental pathways exist and require that gene actions be coordi-
nated. Even if the linear gene-action models are accepted within
small changes in gene frequencies in a single physiological sys-
tem, interactions among the genes of the multiple systems must
exist.

When considering even just two loci, the obvious results of the
one-locus case cannot be generally extended. Not only does physical
linkage between genetic loci affect selection, but the dual factors
of epistasis and linkage can form several intermediate frequency
equilibria when an analysis of the individual loci would not reveal
that possibility. It is also possible that selection would not maxi-
mize fitness as in the single-locus case, and hence that intermedi-
ate frequencies for the loci may be stabilized at less than optimum
frequencies. Hence, in the natural evolution of populations, one-
locus analyses may not reveal the reasons for the existence of
stable, intermediate gene frequencies maintained by selection.
Thus, not only can selection cause stable equilibria, but directional
selection as practiced by man may be adversely affected.
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If populations have many mechanisms for continually generating
variations, they also have others by which genetic variations are
lost. In addition to directional selection, the accidental loss of
genes from small populations leads to a reduction of variation at
least in the local population. The smaller the population, the
greater the chance that an allele or a genotypic combination of
alleles can be lost. If there is a 10-percent chance of a gene being
represented, and only a few trees are sampled, there is a reason-
able finite probability that the gene will be lost in one or a few
generations. Since many investigations on trees have indicated
that small population subdivisions exist, even in continuous stands
(Sarvas 1963 ; Sakai 1971), it is possible that sampling variations
have affected the evolution of variation patterns in many forests.

In natural selection, average selective values may indicate the
probabilities of a tree’s surviving and reproducing “on the aver-
age.” However, any one tree either reproduces or it does not, and
indeed any group of trees with the same selective values may
totally fail or succeed. Thus, the average statistics are accurate
only for large populations or for many repeated trials of small
groups. If the relative selective values of AA, A’A, and A’A’, for
example, are 1:1.5:1, we can expect that an average gene fre-
quency of 14 would exist, and that A4 and A’A’ would exist in
equal frequency. However, if only a single small population was
reproduced, it would eventually be either all AA or all A’4’, with
no A’A heterozygotes, due to natural inbreeding. AA and A’A’
would not coexist in the small population. If many such small
groups were isolated, each would be either A4 or A’A’, and
though they might have the same frequency if all groups were
counted, no A’A would exist. Thus, any group of trees classified
by variety, age class, genotype, or alleles may be lost even though
selection favors their survival,

The accidents of sampling in small populations can therefore
cause more rapid fixation of an allele than might be expected from
selection effects alone. In fact, even if an allele is favored by
selection, it can be lost by accident, especially if it initially occurs
at low frequency. Similarly, the effects of mutation, migration,
dominance, and epistatic gene actions can be modified by sampling
variations in small populations. In general, more extreme allelic
frequencies, fixations of favored or unfavored alleles, and less
stable frequencies over populations or generations can be expected.

A balance among the simultaneous effects of selection, migra-
tion, mutation, and sampling error is struck in the natural evolu-
tion of populations, and the gene system itself may slowly respond
to any changes in selective pressures. For breeding purposes, the
gene frequencies made available by the natural processes are the
raw materials for manipulating future evolution. The limitations
on selective breeding imposed by sampling errors are important
to consider in deciding how intensive selection should be.






CHAPTER 2
SELECTION THEORY

Since selection has affected evolution and can be used to direct
future evolution of populations, the study of selection and its
effects has absorbed more interest and effort than any other
genetic force. Still, the relationship between the choice of a subset
of all potential parents for regenerating future populations and
its actual effect on changing genotypic frequencies and on eventu-
ally changing a population’s phenotypic distribution is a complex
of interacting factors that remains poorly defined. In this chapter,
we shall investigate the theories of how selection affects popula-
tions and the various parameterizations that have been useful in
studying the effects of selection. Simple one- and two-locus models
of classical types of gene actions are very simply modeled for
cases where such simple actions and environmental factors affect
phenotypic performance. Since average phenotypic performance,
which is genotypic potential, is rarely exactly achieved, variability
causes some difficulty in determining the genotype from the
phenotype. The effects of selection on the basis of phenotypic
measures are therefore modeled as a probabilistic process which,
while inexact, would have an expected change on the gene fre-
quency of the selected versus the unselected population. The conse-
quent effect on population mean improvements in the short and
long runs is then examined in terms of the effects of N, (effective
population size), heritability, and selection intensity on the
improvement. In addition, the general breeding methods which
have been developed in light of their relation to selection theories
are briefly examined.

SINGLE-LOCUS MODELS

We can work most simply with a one-locus genetic model. In
classical genetic theory, the only problem in selection forcing the
population into homozygosis for the favored allele or some pre-
ferred intermediate frequency is the time it takes to arrive at the
stable state. In the simplest case in which genotypes can be
phenotypically recognized and easily distinguished, selection for
the best homozygote or for an overdominant heterozygote condi-
tion is direct and immediately produces the desired population.
Only under complete dominance would an “undesirable” allele
remain in the population but that can also be eliminated by simple
test crossing and selection. To more exactly determine the progress

17
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that can come from selection, consider that generally, each geno-
type may have some possibility of reproducing in the next
generation. From a single genetic locus with two alleles A and 4’,
the three genotypes would then have selective values of r44:74.4:
r.4, respectively. We can then define an average selective value
for the whole population according to the » values and their re-
spective frequencies as r=p%r44+2p (1-p) 744>+ (1-p) 2r4.1- where
p is frequency of the A allele. We might also define an average
selective value of an allele according to the frequency and the
average effect that it has in the zygotes as:

Ta=praa+ (1-p)raa and r4=prog+(1—p) 744
Then 7==pr,+ (1-p) s =p>r 44 +2p (1=p) 740+ (1-0) 744"
Also, the variance among the average effects r, and r, is

pr2 s+ (1-p) 72, —12, which equals p (1-p) (ra—74')2

We can now analyze the changes in selective values by noting
that » is a function of gene frequency and

dr pdry  (1-p)dry
g Ty T
. d '
Since dL;:TAA —7Ta4’' J{; =744 —Ta'a’,

then g—;—: (’7'4—’7',4') +]9 (/"AA_ TAA’) + (l_p) (/"AA"—TA'A') .

d
Then d—;—=2 (ra—rq’).

Since it is also true that,

Zi’ =p(ra—7) =0 (1-p) (r4—74’),

we can see that,

dr _dr dp ,
d—t—@ﬂ—%(l —p) (ra—7ra)?

which is simply twice the variance in average selective effects.

It is particularly interesting to examine the functlon, since

dt
it would indicate the location of potential stationary points where
p does not change with advancing ¢. It also indicates that the rate
of change in frequency and fitness with respect to time is partly
controlled by the factor p (1-p), which is a symmetrical quadratic
function of p with a maximum at p close to 4. Hence, intermedi-

to be high, and == dp to also be

ate values of p will always force —+ dr at

dt
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high relative to the extreme values of p. Hence, p and r change
most rapidly when p is intermediate and slower when p is close to
zero or one. Furthermore, if a profile of gene frequencies is made
among loci which have been subject to selection at one time or
another, the great majority of loci will have moved their gene
frequencies through the middle ranges and would now be at low
or high frequency. This implies that selection is most effective on
genes of intermediate frequency and that we cannot ordinarily
expect to find many loci kept at these frequencies by directional
selection.

However, even the Z—? function can be described in terms
dr
of ap as:
dp _p(-p) dr
dt — 2 dp
and hence the movement of p can also be analyzed in terms of the
relationship between selective value and gene frequency. Since 7,
74, and 74, are all functions of p, and the three genotypic values
T4, Taa’, and 744, which we assume are fixed, we can describe
r in terms of variations in p for given relative values of the three
zygotic 7’s.
To see the effects of selective values on changing gene fre-
quencies, we can follow several sets of relations among the 7’s,

— dr .
for 7, andip—, since

;:p/rAAg +2p (1-p) r4a+ (1—p) 74-4.%, and

% =2p (Taa=274a+74a) + 2(Pan— ra'a’).
If, 744>744->7 4:4- ,then 7 increases monotonically with p in a
form like

=i
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and%is a linear function of p in a form like

dF
dp

P
dp _p(-p) dr .
and aF = 5 dp is

dp=
dt

P

If, raa<raa<7aa, the reverse relationships hold for similarly
scaled r values:

df

r p
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If, r4a <Taa>Taa, the 7 has a stable peak at an intermediate p
w1th a maximum to the left or right of p=0.5 according to whether
r4-4- is greater or less than 7,,:

lf fAA rAlAl
P
7
A/
P
7
LY
P

%{l‘;“ remains a linear function of p but now must be scaled to

cross zero to the left or right of p=0.5 according to whether 7,
is greater or less than 744.

Generally,
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and hence

P

In this case we can also notice that if% =0, and if we use

”'AAzl—S, ’I"AAIZI,”'A'AIZI_“t; that =

o represents the equilib-
rium point for p.

If raa>7rae<rasa, the reverse relationships exist and gener-

ally,
7 ‘ u
P

and

di

dp

P

and
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which has an unstable equilibrium at intermediate p.
In all of these cases, the only stable equilibrium, except at p=0,

exists when 7 is at a maximum. The last case is the only one in
which an intermediate p value exists Where(;ll =0, but in which

it is also clear that small displacements of p from that point cause
the p to go either to 0 or 1. At the equilibrium p, p., and a small

change to the right makes ‘(ll t>0 and hence forces p to go further

towards 1, and a small leftward change from p. makes %?<O and

hence forces p further towards 0. In the immediately preceding
case of overdominance, small changes from p, can be seen to have
dp
dt
It can also be seen at the equilibrium points of frequency ex-

" =6, that it %0 =p (rs— Y =p(1-p) (ra—r2)

the opposite effect on—3- and hence to force p back to p..

cept at p=0, andd

that r=r,=7,.

If particular values for gene frequency and the r’s are known
in populations with discrete generations, more exact analyses of
changes in gene frequency can be made simply by following the
selective process, one generation at a time. The process involved
is to find the gene frequency of the generation following selection,
in terms of the selection and gene frequency prior to selection,
and to then write the relationship in the form of a difference, or
recursion equation. Thus, as in the third case as examined above,
if the heterozygote is favored and r,,=1-s, 740, =1,

TA'A’:l—t, then:

Initial Selection Proportions
Zygote proportions  proportions after selection
AA D,* 1-s 0,2 (1-s)
A’A 2p, (1-p,) 1 2p, (1-p,)
ATA (1-p,) 2 1-¢ (1-p,) 2 (1-t)

The A alleles come from the AA parents with frequency p,2(1-s)
and from half of the A4’ for a total new relative frequency of

po2(1“s) +po (1_po)

Do* (1-8) +2p, (1-p,) + (1-p,?) (1-¢)
The A’ allele’s frequency can be derived similarly as:

Do (1=p,) + (1-p,) % (1-t)
Do* (1-8) +2po (1-p,) + (1-p,?) (1-t)
These formulas can be simplified to:

P = Do (1-8D,)
T 1-sp At (1p,) ¥

_po t(l_po)2
1-sp,2—t(1-p,) 2

1=

1-p,=

1-p,=
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We might note that the change in frequency is:

Pr=o= Do (1-8D,) —p _ =D (1—p,) [sp,—t(1—p,)]
e 1 sp2—t(1-po)2 °° 1-sp,2—t(1-p,) 2 ’
_ — po(l—po) [3po_t(1-po)]
(l_pl) (1—1’0) - l_spog_t(l_po)g

For any generation of selection, the change is similarly formu-
lated and the A or A’ allele can gain or lose in frequency according
to the sign of sp,—t(1—p,). If sp, is greater than t(1—p,), the
A’ allele gains in frequency. If sp, is less than ¢ (1—p,), the A
allele gains. And, if sp,=t(1—p,) the change is zero, and from
this condition,

sp,+tp,=t

=t —_ 8
Do= S+t’ and l_po_‘ S+t ’

as previously derived. Other equations for other gene action models
are detailed in several texts (Li 1955).

The foregoing selection models assume that each genotype has
properties which predispose it to given selection frequencies. This
is a kind of “soft” selection among genotypes in which selection is
in proportion to genotypic propensities for success. A different
model of selection is a kind of “hard” selection in which indi-
viduals are selected if they perform over a minimal level regard-
less of how many may be so selected. In breeding practice, a level
of phenotypic performance is often determined when genotypes
cannot be easily distinguished, and any tree exceeding the specifi-
cations is accepted for further breeding. On the other hand, if a
certain proportion of selection is fixed, the breeder is implicitly
following a “soft” selection procedure.

If selection thus actually operates on the phenotypic level, as
is most often the case, then other parameterizations of selection
probabilities can be made in terms of phenotypic distributions.
Thus, a commonly used model of gene effects would specify a mean
effect for a genotype and some distribution of phenotypes ex-
pressed for that genotype with a variance ¢2. The probability of
selection will differ among genotypes according to the differences
among the means as well as the relative size of ¢* with respect to
the mean differences. If o2 is relatively large, the selective prob-
abilities will be similar, regardless of genotype, while if ¢* is
relatively small, there might be little error in assuming that spe-
cific genotypes are recognizable and are being selected. If we
cannot attach high probabilities of selection to genotypic differ-
ences, then we admit a certain degree of error in choosing opti-
mum genotypes. Consider, for example, a genotype with mean
productivity value of 1,000 units and a variance (o2) of 1,000
due to various internal and external environmental variations in
expressing its average productive capacity. If this variance of
1,000 has no genetic basis, then, of course, selection of the higher
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yielding trees will yield no genetic gain. If three genotypes existed,
AA, AA’, and A’A’, with the same variance but with average
production capacities of 1,005, 1,000, and 995, respectively, then
the variation among genotypic effects can be used. Assuming that
gene frequency ¢=0.5 and that there is random mating in a large
population, then the genetic variance is all additive and equals
¢.2=12.5. For the total population which has a mean of 1,000
and a total variance of 1,012.5, selection of all trees above say
1,050 would be expected to truncate the population as in figure 1.

| 1 | 1
800 900 1000 | |uoo 1200

Phenotype t

Mo Ms

S

Figure 1.—A normal distribution of tree values around a mean of 1,000 and
variance of 1,000, with truncation selection above phenotypic value £.

Since the three genotypes differ in average effect, however, the
expected truncation includes different proportions of the expected
genotypic distributions as shown in figure 2. It can be seen that

_~Total Population

Figure 2.—Relative numbers of three genotypes from a population with a
normal frequency distribution of random variations around genotypic
means generated by additive gene action and gene frequency 0.5.

while the heterozygote still is relatively heavily represented in the
selected portion, the favorable homozygote is more heavily repre-
sented than the unfavorable homozygote. If wider mean differ-
ences among the genotypes existed relative to the error
variance, then the proportions expected in the selected populations
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would even more heavily favor the AA genotypes. If the frequency
of the A allele were higher, then proportionately more of the AA
would be selected over the AA’ and A’A’ genotypes, but the change
in relative gene frequencies may be slower. If only the most ex-
treme phenotypes were selected, then the relative gain in gene
frequency would be further increased. Thus, the frequency of the
A allele is expected to increase according to the mean differences
among genotypes, their error variances, and the selection in-
tensity; and the selection effect on the locus is a function of all
three factors. Thus, selection has less immediate effect when the
genetic variance is low with respect to the error variance, and
progress can be slow even when selection is consistently in the
same direction.

Other gene models may be similarly viewed, including domi-
nance and extending the models to include cumulative action of
several loci. For example, if the three genotypes of locus A had
means of: 1,003.5 for AA; 1,001.5 for AA’; and 993.5 for A’A’,
and the frequencies were 14:14:14, the total population mean
would be 1,000, but the variance would be 1,014.75, including
02=12.5, ¢,2=2.25, and the error variance around each genotype
would be ¢.2=1,000. The effect of selection can be seen in figure 3

| 1
|

1 1
+ +

AN AA AA

Figure 3.—Relative numbers of three genotypes from a population with a
normal frequency distribution around genotypic means generated by
partial dominance gene action and gene frequency 0.5.

to be less discriminating among the alleles than under pure addi-
tivity since the relative proportions of AA and AA’ in the selected
group are more nearly equal.

TWO-LOCUS MODELS

Expanding consideration to two loci, a simple additivity of
alleles within loci and among equally effective loci would give
average genotypic means of:

AA AA’ A’A’
BB 1,010 1,005 1,000
BB’ 1,005 1,000 995

B’'B’ 1,000 995 990
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If g4=¢»=0.5 and no linkage and random mating existed, figure
4 shows how the genotypes may be distributed. If equivalent levels
of dominance existed in both independent loci, the following
genotypic values would yield the same ¢,2 and o,? at each locus as
for the single-locus case with dominance as given above:

AA A4’ A’A
BB 1,007 1,005 997
BB’ 1,005 1,003 995
B’B’ 997 995 987

Again, selection can be seen to have similar effect on both loci
simultaneously, but for the same total selection intensity, there is
less effect on each locus’ gene frequency than for the single-locus
case.

TiTT7]
01234
NO.OF ALLELES OR B ALLELES
IN GENOTYPES

Figure 4.—Relative numbers of five genotypic means generated by two loci,
each with additive gene action and gene frequency 0.5.

Various kinds of epistasis may now be included in these models
of mean effects such as complementary dominance:

AA AA’ A’A’
BB 1,010 1,010 995
BB’ 1,010 1,010 995
B’B’ 995 995 985

In fact, any kind of mixed dominance conditions which change
according to the allelic combinations of the other locus may be
included:

AA AA’ ATA’
BB 1,010 1,000 995
BB’ 1,010 1,005 995

B’'B’ 995 990 985
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The effect of epistatic actions on changing gene frequency now
becomes very complicated, since the effect on one locus will depend
on the changing frequencies of the genotypic state at the alternate
locus. Furthermore, linkage can cause the frequencies of the
various genotypes to be nonindependent and variable and, there-
fore, would make selection prediction more complicated and in-
tuitively more difficult to visualize. Even without epistasis,
however, the addition of genetic loci can be seen to increase the
genetic extremes and variances and hence can contribute a larger
portion to the total variance even if individual gene actions have
small mean effects.

NONSELECTIVE FACTORS*

Before continuing with more genetic models and how the effects
of selection are translated into changes in gene frequencies and
hence into population means, a few other complicating effects
should be considered which further inhibit the direct response of
alleles to selection. One factor is the nature of the breeding system
with respect to inbreeding. For example, if selection is not precise
and only a few individuals are chosen or if those chosen are re-
lated, then there is some chance that the wrong allele will increase
in frequency or even be fixed by accident in the breeding popu-
lation. Since inbreeding would tend to fix homozygotes in the
absence of selection, then selection has to be relatively effective, or
the genetic differences must be large relative to the error variance,
to assure that the correct allele is going to be fixed. Even if se-
lection is for the heterozygote, the pressure of inbreeding towards
homozygosis can fix an allele by limiting free recombination of
all alleles.

The problem of inbreeding and selection in regular mating
systems (as distinct from completely random mating) may be
analyzed in the form that Fisher (1965) derived for the long-run
behavior of inbreeding systems. The analysis carries the proba-
bility distribution of zygotes, gametes, or mating types from one
generation to the next which can be found for any regular mating
system. The transition probabilities or the probabilities of geno-
types or mating types to generate a new array of genotypes or
mating types in the next generation are influenced by the mating
system and selection effects or any other factors which may be
included in the model. These effects can be traced in the eigen-
values and eigenvectors of the matrix. In Mather and Hayman’s
(1952) analysis of full-sib mating, for example, if selection was
for heterozygotes such that homozygote survival was a fraction,
1-s, of the heterozygotes, the transition probabilities for each of

*Graduate-level statistical training required for thorough understanding.



29

the mating types on the left for the next generation arrayed at the
top would be:

Generation 1
Generation 00 AAXAA: AAXAa:AaXAa:AaXaa:aaXaa: AAXaa

AA X AA (1-s)

AA X Aa (1-s)2  (1-8) Y4
4 2
Aa X Aa (1-s)2 (1-s) 1 (1-s) (1-8)2 (1-s)2
16 4 4 16 8
Aa X aa A (1-s) (1-s)2
2 4
aa X aa (1-s)
AA X aa 1

An analysis of the major roots of such a matrix would then re-
veal the eventual stabilities among mating types and hence the
persistence of heterozygosity. The eigenvectors would reveal the
expected changes in frequencies of the mating types from genera-
tion to generation for any given starting frequencies. Alterna-
tively, we may treat the progress of matings as a general stochastic
process with a fixed Markov matrix and can determine for any
time value the probabilities that some of the heterozygote (non-
absorbing) states may exist (Feller 1951). In a similar analysis,
Hill (1969) traced the progress of changes in gene frequency
using transition matrices and determined the probabilities of
change by assuming a normal error distribution and given levels
of selection intensity. In one-locus models, he confirmed Kojima’s
(1959a) finding that strong overdominance is required to main-
tain genetic variability at a locus under selection.

For single loci, an alternative mechanism for maintaining inter-
mediate gene frequencies is variation in the environments which
cause genotypic selection probabilities to change over generations.
If the environmental variations are uniform over the population
but affect selection over time within generations and are repeated
each generation, then the net effect of geneotypic differences may
be determined in a more complex multivariate form, but would
nevertheless be translated into constant probabilities of selection.
However, any variations over generations in the life cycle would
induce variations in the transition probabilities and may affect
the existence of genetic variations. Even such changes as earliness
or duration of reproduction, as well as any changes in survival
probabilities, would affect the relative fitness of genotypes. Then,
even without dominance in any single environment, it is possible
that intermediate gene frequency equilibria would be optimal. If
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environmental variations exist among population subdivisions,
then genetic polymorphisms may also exist. As discussed in chap-
ter 9, populations may evolve stable equilibria under such con-
ditions. In terms of single-locus selection in breeding populations,
there would be little problem if the genotypes could be selected
for specific ecological or economic environments in each genera-
tion, but if there is error in selecting genotypes and error in know-
ing the environments which will be faced, then more difficulties
exist. If environments cannot be subdivided for more uniform
treatment and single populations must be bred for mixed environ-
ments, then intermediate gene frequency optima may well exist.
For multiple-locus traits, selection can have effects which cannot
be predicted by simply extending the results of single-locus theory.
As previously discussed, epistasis can generate several local op-
timum points and, with linkage, force populations into permanent
disequilibria. Even without epistasis, certain unexpected stable
equilibria can exist. For example, Wright (1935b) investigated
multiple-locus selection for both additive and complete dominance
gene actions and concluded that all loci would move toward fixa-
tion. Even selecting for an intermediate optimum would lead to
a mixture of homozygous loci with the average gene frequency at
an optimum mean frequency. However, Kojima (1959b) showed
by using a quadratic fitness model that intermediate levels of dom-
inance could lead to stable equilibria. Lewontin (1964) later ex-
tended these analyses to many loci and also found that several
loci can be kept in intermediate frequencies with only partial dom-
inance operating on a quadratic fitness model. Hence, many more
complex polymorphisms may exist even under constant selection
pressures when multiple loci are involved. The analysis of epi-
static models in chapter 9 have direct implications for breeding
theory with multiple loci.

SINGLE-LOCUS SELECTION WITH PHENOTYPIC
VARIANCE AROUND GENOTYPIC MEANS

When error is involved in observing and selecting phenotypes,
some additional complications to the immediate effectiveness of
selection occur, depending on the distribution of the errors.
Genetic effects can be modeled in much the same way as the effects
of soil fertilizers or other site factors on tree yields. In a soil
fertility experiment, variations in the yield (Y) of the kth tree
(Y,) might be ascribed to, say, potassium X; or nitrogen X,,
and the interaction X;.. In a linear or additive effects model, yield
would depend on the summation of all effects which operate on
the tree, including an error term for uncontrolled deviations, ex:

Yk=‘u+X1+X2+X12+€k.

In such a model, the effects determine the direction of the tree’s
performance from the mean. Similarly, for the alleles at a single
locus, the variations in yield can be ascribed to effect of each allele
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(a1 and «2), and the interaction 8;.:
Yk=,y+a1+a2+v812—|—ek.

Since effective selection requires the existence of variations in
yield and since yield depends on site or genetic factors, it is the
variations in site or genetic effects which determine the potential
gains. Variation in yield due to variations in fertilizer effects can
be measured as a variance and is designated as a o,% even though
it is a variance in Y due to X. Thus,

02=3 f; X2 —pn?,

as given in chapter 1, where the X is actually the effect of X on
the Y measure of yield. Similarly, the variance due to genetic ef-
fects is designated by ¢. and 52 and depends on the frequency
with which those allelic combinations occur as well as on the
size of the effects.

Using the definitions of gene effects given in chapter 1 where
the effect of the genotypes AA:4A4’:4’A’ was measured in terms
of u (the difference between A4 and A’A’)and au (the deviation
of AA’ from the midpoint between A4 and A’A’), the additive
genetic variance was given as:

02=2q(1—q)u? [1+ (1—2¢9)a]2

Using the average effect of the alleles as the a’s given above, the
average effect of an A allele (a,) is:

as=u(l-q) [1+a(1-2q)],
and the average effect of an A’ allele is:
as= —uq [1+a(1-2¢q)].

Then, since the frequency of A is q, and the frequency of A’ is
1-q, the variance of the average effects is:

ge?+ (1—q)a?=q(1—q)u?[1+a(1—2q) ]2
This is exactly 14 of the additive genetic variance, ¢,2.

From this simple linear model of gene effects and environmental
variations, the genotypic mean is defined in terms of the « and §
effects. Then, the probability of the genotype being selected is
defined in terms of its having those alleles and the phenotype
such that it is included in the selected population. From the array
of probabilities of each genotype belonging to the selected popu-
lation, the expected distribution of selected genotypes is derived
in terms of the genetic variances. From this same array, random
mating among those selected is then derived and the mean gain
of the progeny is shown to be well approximated by the familiar
s X heritability formula. The assumptions involved in the deriva-
tion are noteworthy.
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GRIFFING’S EXPECTED-GAIN FORMULA

Using the above model of gene effects, assuming that the allelic
frequencies are p in the initial generation and using

d‘jo = ai" + a;" + 8,','0,
the population mean at the original time (o) is:
po=3 ppLdis°
L]
and a= szjod“o.

In the standard definitions of linear effects, the additive genetic
variance is:

042=25p0a?,
and the dominance genetic variance is:
0'D2= 2 p iopjos ﬁ2.
ij

As previously described, o; is the average effect of allele i, a; is the
average effect of allele 7, and §,; is the effect of the dominance de-
viation due to the interaction of the ¢ and the j alleles. The effect
of selection can be described in terms of the probability that a
particular iXj genotype will be included in that part of the pop-
ulation which is selected to be the parents of the next generation.
Once the probability is determined for each genotype, the prob-
ability distribution can be determined, and from any such distri-
bution the mean can be computed. This is the analytical strategy
we follow.

If the genotypes are not directly observable, then selection would
phenotypically resemble the truncation type shown in figure 1,
and the effect on the three genotypes generated by one-locus vari-
ations would resemble the type shown in figure 2. The probability
of selection would be proportional to the value of d;, increasing
for high values and diminishing for low, and would be inversely
related to the total phenotypic variance ¢ which is the sum of o2
and genetic variations and hence includes all genetic and environ-
mental sources of variation. The probability of selection is ap-
proximately:

Pr (select i,j)=v(1+% X3)

where v is the proportion selected, and s is the difference between
the mean of the original population and the mean of the selected
population. Since v is a constant for the population, the relative
selective value of the 7 and 7 genotypes is:

1—|—%2i Xs.
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Therefore, the expected relative frequency with which the particu-
lar genotype occurs in the selected population is:

dy
2P, ( 1—|—?’s) .

Given this relative frequency of genotypes in the truncated por-
tion, the weighted mean value of the selected, truncated popula-
tion is:

d;
s pepe (1+—=Ls) dy
i o

s
=3 pepLdyt—53pipLds
] 2

s
=0+?‘0'g2
where 042 is the total genetic variance.

Hence, the expected mean genetic value of the truncated population
before any mating or recombination of these potential parents is
s X broad-sense heritability, because ¢¢? is the total genetic vari-
ance and ¢2 is the total phenotypic variance, including all genetic
and nongenetic sources of variation.

If mating is now made among the selected parents, randomly
with respect to genotype, these parents will leave progeny in fre-
quencies determined by their own altered genotypic frequencies.
Assortative mating within the selected group invalidates this as-
sumption. The new expected gene frequency p for allele 7 is de-
termined by the probability that the different carriers of the ¢
allele are included in the selected parental group and would be:

D =Zp:pS (1+%ﬁ3)
s
=p° (1+;2'at)
s
=pL+ =5 Da
a
We now have a difference equation relating gene frequencies for
two generations. If mating is at random with these new gene fre-
quencies and the number of selected parents is reasonably high,

the progeny generation will have genotypes ¢ and j according to
the Hardy-Weinberg frequencies:

Spipt.
9

For just two alleles, this is:
(pt)2: 2pt (1—pd): (1—pit)?
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and hence the mean of the progeny population is:
(p)2di+2pt (1-pt)di+ (1-pit) 2 dyj.

In terms of the allelic frequencies in the original population, the
frequencies for this population can be generated by the combi-
nations:

s s
(Pi""l-?pi"ai) (pi°+?p;°aj)
and can be grouped as:

0)2 s 0 2 S 0)2
(pf)2+ —Pila +2-;,(p¢) i,

for the it genotypes,
0. 0 s 0, 0 s 2 0, 0
2| ppy +'07pi P (aitaj) + 7 | PPSay |,
for the ij genotypes, and

s 2 s 2
(»°) 2—|—(—;2—p,-°aj) —|—2?(ij> ajs

for the jj genotypes. Multiplying these frequencies by their dj;
values provides a progeny population mean:

S
n(progeny) =3 PepLdit—33pi'p (aes) dy
s 1]

+ (-:-)uz,z_piopfo (aicj) dy
1,)

)

Substituting «;+«;+8;; for dy,
summing as indicated, and using
23pia® =04%

we derive

2 .
p(progeny) =o+ —350/12 + (—s;) S pops° (“‘Z’) dis.
g g 1’]' g

Then, if the last term’s products are small, a good approximation
to the progeny mean is:

u(progeny) =%0A2:s X (narrow-sense heritability).

HERITABILITY

Griffing’s derivation, as outlined above, gives flesh to the re-
lationship between the genetic and phenotypic variances and the
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progress in the population mean from selection. The change in
the genotypic frequency array is the direct effect of selection
which, in turn, affects gene frequencies of the parents and the
genotypic frequencies of the progeny population, and, consequently,
the new population mean. Since all of these changes can be written
in terms of the gene-model effects («;) and gene frequencies, the
change in population mean is a product function of the gene
effects and frequencies. In addition to the genetic variance, there
is a selection differential multiplier and a total variance divisor.
The ratio of the additive genetic variance to the total variance

UA2

R

is called the narrow-sense heritability and is a useful statistic to
describe relative amounts of additive genetic and nongenetic
sources of variance as well as to predict gain from simple selec-
tion procedures.

The selection model thus far considered is a simple method of
recurrent selection in which individuals are selected without re-
gard to the existence of information on relatives or coancestry,
and are simply random mated. We develop more complicated
models in chapter 3. The genetic model is for one locus; however,
if the trait under selection is affected by several independent loci
without epistasis and without linkage, each of small effect, the
selection effects may be summed over loci and the same formula
would predict one-generation gains for the accumulated action of
all loci. As long as the genes operate in approximately the same
manner and the individual gene frequencies do not change dras-
tically for several generations, the predictions will hold for each
new generation cumulatively. With many loci of small effect, it
.is reasonable to expect that the total variance may be quite large
due to the accumulated genetic variances at each locus. If the se-
lective action at each locus is such that only small changes in
frequencies occur on each of many loci, however, the net gain in
effect can be large. Hence, continued gain can be obtained in se-
quential breeding generations as long as some loci continue to
contribute useful genetic variance. In this sense, substantial gains
can be accumulated and the genetic sources of improvement hence
can represent something of a renewable resource for gain if man-
aged in such a way as to preserve variation while still accumulat-

ing gain.

SELECTION DIFFERENTIAL

In populations with traits which have a normal distribution,
the mean difference between the original and selected parents, s,
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can be computed in terms of the proportion selected very easily.
The mean of the new parental selection is:

o0

fxf(x)dx+/f(x)dx
t t

where z is the phenotypic scale, t is the truncation point, and
f(x) is the probability density function, and in the normal distri-
bution,

e—mz /2

for a population scaled to a mean of zero and variance of one.
Integrating the numerator by using the substitution u=22/2 gives
us:
2
e—t /2
V2w

which is the height of the ordinate of the normal curve at the
point of truncation. Distribution functions other than the normal
can be directly evaluated or approximated on computers to give
the relationship between the truncation point, proportion selected,
and the selection differential. The denominator is merely the pro-
portion selected and therefore the mean, taken as a deviation from
the original mean, is z/p, where z is height of the ordinate of the
truncation point, and p is the proportion selected, for a standard-
ized phenotypic variance. If the phenotypic variance is not stand-
ardized, then s= (2/p)o, where the phenotypic variance=o? It is
sometimes useful to distinguish between the standardized selection
differential, which is often called the selection intensity i=z/p,
and the nonstandardized selection differential s=%o, which is the
difference as measured in the scale of the original units of meas-
urement. This selection differential, s, is thus the difference in
means between what we started with and what we have chosen as
parents of the new generation and represents the amount of change
we “reach” to achieve.

GAIN

Because the phenotypic variance o2 includes nonadditive genetic
and error sources of variation, however, only a fraction of this
“reach” is actually achieved. The fractional achievement expected
under the simple breeding scheme given can now be seen to be
the proportion of the total phenotypic variance which is due to
additive genetic variances ¢,%+ %, which is otherwise known as the
narrow-sense heritability. This stands in contrast to the gain
achieved in actual parental genotypic mean values for which the
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fractional achievement rate is ¢42+¢? and includes all of the non-
additive genetic effects in the numerator.

These concepts of gain have also served as the basis for much
plant and animal breeding theory for large-population sizes. For
traits affected by large reservoirs of additive types of genetic
variance, they have served very well. For many species of plants
and animals, the various modifications of the theories have re-
liably predicted genetic gains (Sprague 1966; Allard 1960). How-
ever, the models are extremely naive in their assumptions of steady
gene frequencies and genetic and phenotypic variances and in their
exclusion of obviously important genetic effects. For example,
genes do not all act in small increments. Some must change fre-
quency as selection progresses, they do occur in linkage groups,
and they undoubtedly have some forms of epistatic interactions.
In addition, dominance effects can lead to inbreeding depression
(Kojima 1961) and asymmetrical responses to selection (Curnow
and Baker 1968). While some experiments may tend to confirm
the general adequacy of Griffing’s (1960) theoretical estimates,
the asymmetry of response to selection and lack of continued gain
in other experiments could be due to any of several factors. If the
genetic variance and gain from selection are due to few alleles
of large effects, the above approximations can be quite inaccurate
as these major loci become fixed (Latter 1965).

It is also clear that any one selection trial samples different sets
of individuals and may therefore start with a distribution of geno-
types, other than what may be expected on the average. In small
populations, the genotypic distribution and its concomitant mean
and variance measures may therefore vary from trial to trial.
Also, since genotypes are observed with some error, the actual
selection differential can vary widely for any given genotypic dis-
tribution. The above measures are therefore good only for large
population sizes but serve as predictors of average results.

POPULATION SIZE

Among the more serious difficulties in accurately predicting
gains from selection are the effects of population-size restrictions
on changing gene frequencies. Whenever selected populations are
restricted in size, there is some chance of losing an allele otherwise
favored by natural or artificial selection, even with simple additive
gene effects. When consideration is extended to several loci, the
chance loss of potentially valuable alleles can severely restrict the
size of the potential gain. Since it is generally assumed that no
single tree possesses all of the desirable alleles for all traits si-
multaneously, ultimate progress requires that several genotypes
be used in the breeding population to assure the presence of at
least most of the useful alleles in the breed. Thus, if we had six
equally effective and independent loci with simple additive effects,
the following array of 10 genotypes may exist as randomly drawn
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with gene frequencies 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6:

Locus
Tree Total plus alleles
1| 2 K | 4 | 5 | 6
A ¥ ¥ *r F ¥ = 6
B = = * = * T 3
C = - - - - + 1
D - - - T T I 4
E - - - + T * 4
F T - = B - s 3
G - = = 3 * 1 4
- - + + -
H - i - + + - 6
1 - - T = = T 4
J = T i = I T 7
Total plus
alleles 2 4 6 8 10 12 42

In this sample of trees, the best genotype is J and its selection
would assure a good chance to eventually get an all-plus breed
but would not, by itself, give us all of the best alleles. In addition,
with some error in observing true genotypic values, there could
be only a slightly higher probability that tree J is chosen, and not
tree H, A, or G. If the random error has a large variance relative
to the average genotypic differences, the difference in probability
of selection between trees J and C may be quite small and hence
C may be picked over J amost as often as J over C. In that case,
or in case some mixture of trees is chosen, some good alleles will
be lost in spite of the gain in frequency of good alleles which might
generally be expected. Therefore, limiting the breeding population
can limit progress even without dominance or inbreeding depres-
sion. Many forest tree breeding operations appear to have popu-
lation sizes that are too small to permit continued breeding
progress for more than a few generations. With few parents, the
subsequent generations will be generated from relatives with
increasingly similar ancestral lineages. The number of independent
genotypes among the parents must then decrease. Thus, the proba-
bility of accidental gene loss would increase even if the physical
number of parents remained the same. Relationships among the
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parents decreased the effective population size (N,) as further
detailed in chapter 3. The population size useful for computing
probabilities of accidental loss of alleles is N., which is usually
smaller than the number of parents crossed. On the other hand, it
is intuitively obvious that greatest progress is expected by the
most intensive selection and the consequently greatest reduction
of breeding population size to only the very best parents. The di-
lemma, therefore, is how to maintain both a large population size
and a large selection differential. The problem is most easily stated
in terms of the special effects of stochastic variation in small pop-
ulations as discussed in chapter 9. For a large number of inde-
pendent genetic loci affecting a trait under selection with simple
types of gene actions, we could first determine the probabilities of
loss of favorable alleles and then consider more complicated models
incorporating migration, nonadditive gene action, etc. We return
to the applied breeding implications of this dilemma in chapter 3.

DIFFUSION MODELS FOR SELECTION

First, considering a simple diffusion process, the effects of se-
lection are assumed to be such that a constant pressure for a
directed change in gene frequency exists. We can easily conceive
of gene-action models where this is not so, such as if dominance
exists, or even as we developed for Griffing’s approximations, the
change in gene frequency:

1o mno— ,oi .
Di Di Di e iy

is a function of «; and p. Nevertheless, for small changes in gene
frequency and effects, and without dominance, a selection pressure
on an average change in gene frequency of x may be a reasonably
good approximation. In Kimura’s (1964) notation, an additive
gene-action model entailing the following probabilities of selec-
tion would produce an average change in gene frequency of
¢{p (1—p), where ¢ is the difference in the probability or expected
frequency of selection against A’A’ and for AA. The effect on the
zygotes is expected to be:

4 TAZ. ’. _g
(1—§>A A% (1) AA .<1+2)AA.

That is, from the expected change in gene frequency on a con-
tinuous time scale:

B —pp) (ra—rs),

where r is the relative fitnesses of the alleles, the mean change in
gene frequency, p, is ¢p (1-p). If the variance in gene frequency

is affected only by binomial sampling error p (21N_p ) , then the
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probability of fixing the favored allele A is:

1-¢ —4N Do
UPF=—"—"-rir—,
1-¢ —4NeL

where p, is the initial gene frequency, and where N, is the effec-
tive population size. As previously suggested, several simplifica-
tions on the formulas can elucidate some relationships among the
variables, p,, N,, and ¢. For example, if N.{=0, then the limiting
value of UPF is p,, which is intuitively satisfactory for the case
when selection is not practiced and gene frequency is allowed to
drift at random. In the case of selection, however, with N.{>0,
then UPF becomes a function of p, and the product 2N .&p,(1-p,),
as well as other terms of smaller size.

The distribution function for the whole range of gene frequen-
cies under additive gene action reduces to:

ke _4Necp
p (1-p)

which has peaks at high and low gene frequencies and can be
skewed to either end by the effects of selection. This results in a
J-shaped curve increasing the frequency of the favored allele and
its probabilities of fixation over the alternate allele.

Using a model with overdominance as: (1)A’A": (140)A’A: (1)
AA, the frequency distribution function can be derived to be:

ke 4NoLp (1-p)
p(1-p)
In this form of the gene frequencies, the intermediate frequencies

enjoy some greater weight; but the extremes still occur to provide
a profile as:

(Li 1955).

F(p)

P

In addition, the joint effects of selection and the various effects
of population size, migration, and mutation rates can be jointly
determined for some simple genetic models. As previously outlined,
migrations or mutations may introduce genes into a population
at a rate which may either reinforce or act against the effects of
selection. In small populations, all effects are further modified
by the tendency of genes to become randomly fixed simply by
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sampling error. Variations in selection coefficients can also produce
a tendency for fixation as analyzed by Levins (1968). If stable
gene frequency distributions exist for genetic models with con-
stant selection coefficients, then variances in the coefficients tend
to destabilize them. If the variations in the selection coefficients
exist in correlated series, however, the variance effects would be
ameliorated and populations may behave in cyclic patterns.
On the other hand, with moderate directional selection and ad-
ditivity, variance in selection can induce more stability in inter-
mediate gene frequencies than if selection was consistently in the
same direction.

The general difficulty that restrictions on population size may
impose on selection advance is the random fixation of alleles which
may not be the favorable ones. Thus, even without considering
epistasis or inbreeding depression, the loss of good alleles can be
a serious problem, especially for long-term prospects of accumu-
lating maximum improvement, on the basis of cumulatively im-
proved breeding population. Indeed, in the long run the breeder
will always face the possibility that by restricting population size,
he will not have the kinds of genetic variations available for fur-
ther improvement that he would like. When economic, ecological,
or environmental changes occur, he would either have to develop
at least some new unselected genotypes with an otherwise less fa-
vorable collection of alleles in order to introduce new variants for
recombination and selection or else he would have to be content
with his limited gains. Thus, the immediate breeding problem
is how to compromise his selection program between the maximi-
zation of immediate gain by the highest selection intensity and
lowest N, as against the maximization of long-run gains by some
partial relaxation of selection in the breeding population. The
long-term problem for the breeder is to develop population mix-
tures which will permit him to continually develop variations
without excessively sacrificing general fitness or economic value
of the breeding population. The additional problem of develop-
ing populations for short- and long-run objectives when the physi-
cal and economic environments are changing in uncertain ways is
a further problem we postpone to chapter 4. The problem consid-
ered here is the effects of selection on populations assuming some
known direction. It is, therefore, the genetic problem of response
of a population of organisms and not the economic one of the value
of the response.

The application of diffusion-process approximations to the ef-
fects of selection, as proposed by Kimura, was significantly
advanced by Robertson (1960), who considered the ultimate prob-
ability of fixation to be a good criterion for judging the long-term
effects of selection. Only the simplest genetic models of additive
gene action, no migration or mutation, and independent loci were
initially considered, though subsequent research has amplified
the effects of those forces. The distributions are derived for either
a large sample of genetic loci which together affect a trait in a
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single population or for a large sample of populations with a single
locus displaying the expected distribution of allelic frequencies
among the population. It seems clear that other measures of good-
ness might also serve particular needs including measures such
as skewness, degree of heterozygosity, duration of allelic varia-
tions, etc., which may give additional information on rates of
selection advance. Nevertheless, the probability of fixation is a
useful measure which contains much of what breeders are inter-
ested in. We shall consider the probability of fixation, u(q), as the
expected proportion of equivalent loci which would be fixed in a
single population or as the proportion of sampling populations
which would have the favorable allele fixed.

As previously noted, without selection, N,Z=0, and the solution
of the u(q) equation is a function only of ¢,, the initial gene fre-
quency. Any low initial gene frequency thus has a proportionately
low probability of fixation, a 0.5 initial frequency may go either
way, and a high ¢, will have a high probability of fixation by ran-
dom events. With positive selection for the allele, q,, the u(q)
function increases approximately as a function of ¢q(1-q)N.L.
Therefore, #(q) is dependent on the quadratic function q(1-q)
for any given N level, and the change is most rapid in the in-
termediate gene-frequency ranges. The relationship between u (q)
and N.¢ is charted in figure 5 for seven levels of ¢,. If dominance
exists, somewhat differently shaped curves result as the change
u(q)—q function is approximately (2/3)N.{(1-q*) when selection
is for the recessive allele. From these figures it is clear that high
initial frequencies of favorable alleles present little problem in
maintaining them in the selected population and of ultimately
eliminating the alternate alleles. Those alleles which start at low
frequencies are difficult to advance and are easily lost, especially

chance of fixation
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Figure 5.—The chance of fixation of a gene acting additively. The curves are
drawn for different initial gene frequencies. (Robertson 1960)
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at low N, Both N, and ¢ at high levels are therefore necessary
to ensure against the loss of useful alleles. The speed with which
the frequency of favorable alleles is fixed is also a function of N,
and ¢. The time required for 14 of the total gain to be achieved is
approximately N.q(1-q), and therefore maintaining large N,
and ¢ will also assure rapid progress.

If favored alleles exist at low initial frequencies, however, it is
clear that periods of inbreeding or any reduction of the effective
population size in the early generations can strongly reduce long-
term gain potentials by eliminating alleles before selection has
increased their frequency. Thus, in figure 6, the restriction of
population size is shown to be always debilatory. However, if

chance of fixation
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Figure 6.—The effect of various treatments on the curve of chance of fixation
against N{ for a gene with initial frequency of 0.3. The treatments are
three generations of (a) selection with { = 0.4 in a large population, (b)
restriction of effective population size to 5, and (¢) selection with ¢ = 0.4
and effective population size 5.0=original. (Robertson 1960)

alleles are suspected of initially being at low frequencies and a
high N, can be initially maintained, then the initial frequencies
can be advanced and less restrictive breeding procedures would
be allowable in future generations. Thus, if initial selection can
advance low gene frequencies into the intermediate range, con-
siderable safety against accidental loss of alleles is assured. Nev-
ertheless, as seen in figure 7, if the initial selection requires a loss
of N,, those early restrictions in N, are always detrimental, es-
pecially for alleles at lower initial frequencies. Thus, previously
unselected populations require large initial efforts to attain large
N.{ more so than previously selected or partially improved breeds,
although all populations respond better to selection with high N..
In tree breeding, high N, is likely to be required to compensate
for low and possibly variable ¢.
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chance of fixation

Figure 7—The effects of “bottlenecks” in population size on the curve of
chance of fixation against calculated for initial gene frequencies of 0.1,
0.3, and 0.5: (a) initial population, (b) restriction to a single mating for
one generation only, and (¢) restriction to a single mating for three
consecutive generations. (Robertson 1960)

In terms of phenotypic gains, the { used here is equivalent to

Griffing’s %—‘;’ and we can compare the relative effect of having

a few alleles of large «; effect versus more alleles with small «; ef-
fects if the total effect of the genes is the same for both systems.
Robertson (fig. 8) finds that for initial frequencies of 0.5, the

ULTIMATE
LIMIT

n
b

q

SELECTION LIMIT

Figure 8.—The expected limits to artificial selection in a population in which
all genes have initial frequency 0.5 and in which the possible advance is
contributed equally by genes with a/o = 0.1, 0.2, and 0.5, respectively.
(Robertson 1960)

larger effect (larger selection coefficient) genes, although fewer

in number, contribute most heavily at lower values of Ne-;—,
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Only at high N, % values do the less heavily selected alleles, but

at more numerous genetic loci, contribute as much. Similarly, com-
paring low versus intermediate initial gene frequency loci of equal
effect, the lower frequency loci contribute significantly only at the

higher Ne—z— levels since the lower frequency alleles are more

easily lost. Thus, N, affects the relative importance of factors
which otherwise would be considered of equivalent merit.

These basic concepts of course involve many simplifications, but
they have provided a basis for considering the effects that such
factors as linkage, dominance, changing genetic variances, and
genetic backgrounds can have on the general progress from selec-
tion predicted in these models. In addition, many approximations
involved in the derivations are not justified, as noted by Robertson
(1960) . Hence, alternate derivations and independent tests of the
results have been used to determine the adequacy of the models
and to propose new, more comprehensive and more exact models.
While Ewens (1963) found little error in the diffusion-equation
approximations for an additive gene-action model at very low N,,
other effects may distort the expected results. More exact analysis
of selection effects, such as derived by Hill (1969), is instructive
to describe for its explicit statement of assumptions.

OTHER PROBABILITY MODELS
FOR SELECTION #*

The first major objective of Hill’s (1969) analysis is to derive
the probability that each of the A’4’, AA’, and AA genotypes is
represented by exactly n,, ns, and ns individuals (n,+n.+n3=N)
in a new population when they were originally represented by m,,
mg, and ms individuals (m;+ms+mz=M) in the parental popula-
tion. We do this for all possible combinations of n,, n., and us.
From these probabilities, we can then compute the changing geno-
typic and allelic frequencies for the three types, or more generally
for any of g different genotypes in any multiple allelic series. We
do this for one generation at a time; assuming that the error
variances do not change, and further assuming that these proba-
bilities are independent of n; and m; levels, we can use matrix
methods to project future population behavior.

Since the truncation point is determined by selecting the top N
out of the M potential parents, we cannot be sure where the trun-
cation point will come in the rankings of each genotype, nor where
in the entire phenotypic range it may fall. One way to compute
those probabilities is to determine the exact probability that the
point of truncation will produce n, of the first genotype and n. of

*Graduate-level statistical training required for thorough understanding.
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the second, etc. Since each genotype would have a slightly different
distribution (fig. 2), the relative probabilities of representation in
the selected population change according to where the truncation
point falls and the various distributional differences. The proba-
bilities of obtaining =, 7., and ns, given m,, ms, and ms, can be
obtained by looking at the mutually exclusive events; that the low-
est ranked selection is of genotype 1, and n,—1 are higher, and n.
and n; of the other types also rank higher; that the lowest selected
is of genotype 2, and n.—1 are higher, and 7, and 73 also rank
higher; and that the lowest selected is of genotype 3, and ns—1 are
higher, and n, and n, also rank higher. These probabilities can
be derived from order statistics and for the first kind of event are:

Pr(n, of genotype 1 are selected, and the lowest ranked
selection is of genotype 1 given m, to choose from)

UGE: [ﬁu<x>]’”””“[1—ﬁn<x{r“‘1 fi (2) dz

- (n-1) 1(mi—ny) !

where f; (z) is the probability density function for genotype 1 and
F,(z) is the integrated form of f,(x) or the cumulative distribu-
tion function for genotype 1.

Pr(ns of genotype 2 are greater than truncation individual

M)
ms! [F2(x)]m2_"2[1—p2(x)]"2

T me! (ma—msg) !

Pr(ns of genotype 3 are greater than truncation individual

ms)
mal_[r | |

- ns ! (m;g'—’n;;) !

Since these are order statistics and are all independent, the
probability for the first kind of event is the product of these
probabilities.

The second kind of event puts genotype 2 in the position of
having its lowest ranked selected tree also representing the lowest
ranked selected tree for all genotypes, and this joint probability
requires only switching notation between 1 and 2 in the above
equations.

The third kind of event is similarly treated, and if a multiple
allelic series exists, any other genotypes can be similarly handled.

Since each of the kinds of events are mutually exclusive, they
may be summed for all types of events, each event’s probability
being the product of g terms. For three genotypes (g=3), the
probability of obtaining 7., n., and ns from a given set of mq, Mo,
and ms trees when the truncation point is at x is:
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Since the truncation point x may actually occur over the whole
range of x, we can sum or integrate over all x values to determine
the transition probability of going from m;, m., and ms, to n., ns,
and 73, and by the gathering of appropriate terms we can in gen-

eral write this Pr(ni, no, . . . n, | My, Mo, .. . m,) as:
g 'mi) Mmi—n; Ny g -1
i=\) @) IF@) |y )| V0@ | fi(e)de
x i=1

The equations are exact for the transition from m to n, and the
only remaining problem is how to get the probabilities of transi-
tion from » in a population of trees to a new n in the new popula-
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tion of trees. That is, starting with a parental array nt01 they mate
to produce a new and presumably larger progeny population of
mi9 from which we select a new parental population of nthl. The
above transition probabilities give us the probabilities of nf11, given
the mi9 or Pr(ntt) | mi®1). We wish to determine Pr(nt1 | ntol)
and this can be determined by Pr(nt11 | mt) X Pr(ml9 | nt®7). The
last probability distributions to consider are therefore the Pr (m!! |
nt01), which are determined by the mating patterns used among
those selected. Assuming random mating of the n!® trees simpli-
fies the determination of Pr(m!® | n(®1), but any mating pattern
may be pursued to give the probabilities. The product of
Pr(m®© | nfol) with Pr(nft1|m®) can then be formed to give
Pr(nit1 | nio1). The simplification that the random-mating assump-
tion affords is that m[l is completely determined by the gene fre-
quency (under the Hardy-Weinberg law). If the gene frequency
in the n!®! population is p,, we can determine m!°! as:

Do2 1 2P0 (1-00) % = (1-D,)?
or in terms of numbers of alleles:

- 27&1[0]‘*"”42[0] — )
Do N0l N1

Given these frequencies, the probabilities for the generation of
mi% are multinomially distributed:

- _ M 2m, o e[ g, |2ms

Pr(mi® | n) (mlQOa po ) 2p, (1) |2 10 |77
(M (S \Zma[E gy el E ]2

or _(m1m2m3)<2N) [N(l zN)] [1 2N]

Since this is a function only of ¢ for any given constant population
size N, we can determine Pr(n{t} | nl°1) for all combinations of n
vectors and for the complete transition matrix for a given N.
This matrix, P, can then be iteratively applied for any consistent
mating system and the nature of the ultimate results can be de-
termined in terms of its roots and eigenvectors.

The method is generally applicable, and some simplifications
are possible with further assumptions on the form of the different
Fi(z). Hill's (1969) results indicate that for alleles of small ef-
fect, and independent loci, N may be as small as 8 before the
diffusion-equation approximations are bad. The larger the average
effect of an allele is with respect to the variance (/o close to 1),
the worse the approximation can be. However, the diffusion ap-
proximations cannot be considered poor for these limited models.

The other infinite model approximations as used by Griffing
(1960) to predict response require that gene effects, as a ratio of
o2, be of small magnitude, and Latter (1965) has shown that genes
of large effect can lead to much larger or much smaller gains than
predicted as well as to differential amounts of change according
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to the direction of selection. Linkage can further restrict the use-
ful genetic variations and reduce total response to selection, but
the effects of restricting population size may outweigh those of
linkage (Latter 1966). Similarly, an additive gene-action model
on linked loci showed relatively little effect of linkage on response
to selection except when differences in gene effect are large and
when one locus may affect the probability of fixation at the other
(Hill and Robertson 1966). However, some genetic variances do
change as gene frequencies change in some predictable ways (Nei
1963), and epistatic effects do occur, influencing selection response
as allelic frequencies change. If such conditions as epistasis do
exist, then linkage effects can become important and gain esti-
mates by Griffing’s (1960) approximations can be very poor,
especially in small populations (Gill 1965b).

Thus, predictions based on esoteric formulas must be examined
very closely before too much reliance is placed on specific results.
Most of the difficulties and disagreements among the various an-
alytical and computer simulation studies, however, occur when
the effective population size is very small, less than 8. In compari-
sons of the various approximate gain estimation procedures, in-
cluding dominance-effect models with a normal error distribution
(Kojima 1961) and iterative transition matrix models based on
them (Curnow and Baker 1968), little bias is found as contrasted
with Robertson’s predictions when N, >8 (Pike 1969).

Under somewhat more complicated genetic models, including
epistasis or overdominance at some loci, the requirements for rea-
sonable robustness of the various estimators of gain increase the
recommended population size that must be carried (Gill 1965a).
When the more involved genetic models are used, genetic loci do
not behave linearly and additively, and alleles which might be re-
quired for ultimate progress are more easily lost. The genetic
variances themselves change during a selection program, and pre-
dictions based on assumptions of constant variance are unreliable.
The effects of inbreeding depression under various dominance and
epistatic conditions further complicate the response predictions.
Gill’s (1965c) computer simulation studies indicate that effective
population sizes should be kept above 30 to avoid excessive
loss of otherwise favorable alleles. The trends in linkage effects
and selection on means and variances for 40 loci on 8 chromosomes
clearly indicate that the effects of small N, are rapidly felt and
that alleles are easily lost through the joint action of selective
breeding and drift.

SELECTION MODELS

The results of these theoretical analyses and computer simula-
tion studies may be summarized as suggesting that only for the
simplest gene-action models, and then only for reasonably large
population sizes, do the simple models of Griffing (1960) and
Robertson (1960) apply as they recognized themselves. The more
exact analyses indicate that for simple gene models, and N, greater
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than 8 to 10, the approximations used in their derivations are not
bad and the general results can be reasonably accurate. However,
extensions of the model to include large allelic effects, strong dom-
inance to overdominance effects, and epistasis, make the effects of
population size less predictable for means and variances of quanti-
tative traits and for probabilities of fixing the desired allelic
combinations (Latter 1966). In addition, the utility of Robertson’s
analyses were specifically investigated by Rawlings (1970) for
plant breeding programs and several of the assumptions and deri-
vations were found wanting. For example, one of the derivations
used by Robertson requires that N, be small in order that the
approximations used be accurate, but if N, is around 0.6 as re-
quired, then for reasonable levels of heritability and selection
intensity, N, must also be less than 8. Since most tree breeding
will involve N, >8, the predictions of selection limits may be quite
imprecise. In attempting to account for these errors of approxi-

mation, the factor Ne%can be translated into the multiple-locus

case by dividing the total selection differential effect into as many
loci as desired using the approximation for each locus of:
a __ 2(k*/m)

o q(1-q)
where h2/m is heritability divided by number of loci affecting the
trait. For simple additive effect models, and to provide a high
probability of fixing the favored alleles, Rawlings finds the re-

quired minimal N, —;— values given in table 1. Thus, at highly in-

tense selections for alleles at low initial frequencies, a quite large
N, is required. When selection intensities are low or when many
traits are simultaneously selected for, the requisite N, increases
rapidly, especially for those low-initial-frequency alleles which can
easily be accidentally lost. The biases are most seriously felt in
predictions of long-term progress and ultimate probabilities of
fixation and less so in gain estimates for a few generations of
selection.

Table 1.—Minimum values of N¢ to give u(q) >0.95

Initial gene Heritability/loci (h*/m)

frequency (q.) 1/40 1/200 1/1,000 | 1/2,000 | 1/10,000
% 4 9 20 28 63
1 7 15 33 42 104
% 12 26 58 84 188

Yo 21 45 100 139 313
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It may be further remembered that N, refers to the effective
population size, which can be considerably smaller than the actual
number of genotypes used. As relationships among the genotypes
increase due to disproportionately high representation of some
families, the coancestry within breed populations may not be con-
trollable (Burrows 1970), and the actual numbers required may
be much larger than the N, figures given. By controlling allowable
levels of inbreeding and making family sizes more equal than
would occur in random mating, some of the expected decreases in
N, can be avoided. By controlled intermating of selected parents
such that each parent is equally represented in the progeny pop-
ulation, N, can be larger than the number of parents at lone
heritabilities and only slightly lower at moderate heritabilities
(Rawlings 1970).

An alternative method for obtaining purebreeding populations
with somewhat lower probabilities of loss was suggested by Baker
and Curnow (1969). They suggest splitting the single population
into smaller sets and breeding within each for several generations
and then selecting in only the best subpopulations. While the
smaller subpopulations will lose favorable but low-frequency al-
leles more quickly, the more immediate 5- to 10-generation gains
are made with intermediate-frequency alleles of large and mod-
erate effect anyway. As long as subpopulations are kept at N,>16,
not many of those alleles will be lost though some variations among
the subpopulations can be expected. Thus, the average of all sub-
populations will be slightly lower than the expected gain in a single
large population, but the best one among the several subpopula-
tions is expected to be substantially higher. Furthermore, if several
replicate subpopulations can be developed, the best among these
may then be intercrossed to produce a new base population for
advanced sequences of population improvement, taking advan-
tage of the variations in the loci fixed for alternate alleles and any
formerly low-frequency alleles maintained at higher frequencies
in any of the replicates chosen. However, the advantages may often
be quite minimal (Madalena and Hill 1972) and would certainly
involve more complex breeding programs.

For hybrid breeding programs, selection within populations
which provide the parents for hybrid seed also requires the ad-
vancement of gene frequencies, and the only major difference in
developing the recurrent selection population is that the gene
frequencies are moved to diverge as much as possible between the
two populations. Otherwise, the cumulative improvement of the
recurrent selection populations is under the same restrictions of
selection differential and N, as for purebred populations.

For these simple gene-action models and for all breeding sys-
tems, it seems desirable to keep a high selection intensity by
generating large populations from which to select a minimal
number of parents. Intensive selection may thus be coupled with a
sufficiently large N, that immediate gains can be achieved without
greatly sacrificing future gains. At the higher levels of selection
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intensity, vast increases in numbers examined may be required to
significantly increase the selection differential. On the other hand,
increases in selection intensity when the number of parents is
fixed are most easily achieved by increasing population size when
population size is initially relatively small. Hence, subdivision can
yield substantial advantages to breeders. In addition, if time can
be afforded, subdividing selection into generational sequences may
yield savings in the sizes of populations necessary to carry in each
generation. For tree breeders the time costs may be excessive,
but for short-generation species like cottonwood, the advantages
may be significant.

SELECTION EXPERIMENTS

Theoretical investigations such as we have been reviewing, even
for simple models, lead to some imprecision in predicting long-
term results, and many variations in gene action, frequencies,
dominance, epistasis, linkage, etc., can occur in actual populations.
Tests of selective predictions with real organisms are therefore
needed to indicate how well the reaction of some population systems
is approximated by the theories. Most of the population testing
has been done with animal populations in which family sizes and
selection for many generations could be controlled. One of the
primary difficulties in both directly testing theories and in apply-
ing theoretically advantageous breeding methods is a correlated
decline in reproductive fitness as size or other economic measures
are increased. Tree breeders often can partially overcome this
problem through extensive cloning. By developing large numbers
of fruiting branches, he can often obtain sufficient numbers of
viable seed, even though the genotype is a relatively poor seed
producer. Linkage, epistasis, dominance, and relations with the
fitness factors bias the results of selection. Even without direct
effects of the trait selected on fitness, an interaction between
them can exist. There seems little doubt that for normally cross-
bred organisms, restriction of population size leads to fixation of
deleterious alleles by either random or directed, correlated selec-
tion effects (Latter and Robertson 1962). Under selection, there
is also a tendency to create more relatedness among parents than
if random mating occurred unless coancestry is strictly controlled.
In addition, by controlling reproductive rates to equalize popula-
tion sizes instead of allowing random selection and mating to
occur, the hidden effects of natural selection against reproduc-
tively deleterious alleles can be ameliorated in the selected group.
Thus, different traits even with the same heritabilities may ex-
hibit different responses to selection according to their allelic
relations with fitness, linkage, ete. Certainly different species will
respond differently to selection and restrictions of population size,
numbers of alleles, ete.

For hybrid breeding programs in which the product is a cross
between selection populations, the selection populations themselves
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may be inbred with little consequence of the inbreeding depression
except on seed-production capacity. The deleterious effects of loss
of alleles would be present, but inbreeding depression would not
affect the theory of selection advance.

It is, therefore, clear that wide testing of selection theories
is required to determine any generalities about natural popula-
tions from which guidelines may be drawn for untested popula-
tions.

Among agronomic crops, direct indications of response to selec-
tion and random mating among the parents are available from the
long-term selections in such species as alfalfa, sugar beets, corn,
wheat, and barley. (See Allard 1960; Penny and others 1962,
1966 ; Sprague 1966, 1967 ; Smith 1966, for review.) In tests with
relatively mild selection intensities and most often with large
populations, long-term response has been steady. Even after 100
generations, the populations can respond to mass or bulk selection
in which phenotypic selection and random mating are performed.
While the long-term experiments are not conducted in strictly
controlled environments, and some environmental variations must
have occurred over the years, the direction of selection has been
persistent and the response always positive. Furthermore, most
shorter duration tests also show substantial responses to selection
for additively inherited quantitative traits even for small initial-
population sizes.

However, in the breeding process, possibilities for further
genetic advance can be eliminated, as was particularly evident in
the lack of response in sugar beets to continued intensive selection
for sugar content, root form, and other traits. While 100 years of
mild selection increased sugar content by over 100 percent, from
7.5 to 16 percent, advanced intensive selection has netted relatively
little advance. Failure may have been caused by changes in the
gene effects themselves as major physiologically limiting factors
were met. Perhaps new combinations of genes and traits are re-
quired for any new advances. Severe inbreeding has persistently
led to loss of genetic variance and inbreeding depression in all
cross-pollinated crops, even when efforts were made to select for
inbreeding ability and to save the lines. The loss in fitness is
partially due to directed selection for traits which directly affect
survival in noncultivated environments. This conclusion was dem-
onstrated in selection experiments in which the selected types
were placed under no selection for a few generations or were
actually placed in direct competition with bulk varieties. Either
the trait suffered selection towards the nonselected mean, the
variety displayed a relative loss of competitive ability, or both.
However, there are also debilities from inbreeding depression in
which even the most strenuous efforts fail to carry lines to sur-
vival without competition. There is usually some variation among
individual lines with some surviving with vigor equivalent to the
bulk variety, but fitness loss is the common expectation (Laude
and Swanson 1942; Bal and others 1959; Allard 1960). The loss
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in fitness may be related to competitive ability (Harlan and
Martini 1938 ; Lerner 1954 ; Finlay 1963), susceptibility to preda-
tors, weak reproductive mechanisms, or some combination of
these. In species in which vegetative vigor or stem mass is selected
for, debilities of the reproductive organs down to some limit may
not be significant, but any loss of vigor would directly affect the
efficacy of selection.

The lack of response to selection may sometimes be due to a
loss of alleles which might otherwise provide a basis for continued
response. If traits were affected by a few alleles of large effect,
then fixation at small population sizes can quickly exhaust the
available variability. Crumpacker and Allard (1962), for example,
estimated that heading date in wheat was controlled by only three
major genes but that many minor genes also affected its inheri-
tance. When gene frequencies for the major genes can be ad-
vanced close to one, then progress with the action of the minor
genes may then be effective, if somewhat slower.

In tree species, the early indications of inbreeding indicate
that vegetative vigor and survival traits are directly affected by
inbreeding depression (Franklin 1968) and are therefore subject
to both of the detrimental effects of limited population size.

While many organisms have been studied in long-term selection
experiments, mice and Drosophila have been intensively worked
organisms and provide some illuminating experiences in selection
experiments. As in plants, the common experience has been that
with reasonably large populations (N.>50) and moderate selec-
tion intensities, response for the first 10 or 20 generations is quite
uniform and of a size according to the heritability. Thus, Kojima
and Kelleher (1963a) state: “From these findings it may be
concluded that the total response in the mean of the population
continues to change, on the average, linearly in the direction of
selection during the early period of selection. regardless of the
kinds of organisms and traits and of the methods of selection.”

However, there are limits to the generality of the results in
both the physiological gene-action effects and in the loss of fitness
by inbreeding depression and the loss of usable genetic variations.
Thus, in mice, both upward and downward selection for body
weight reach limits in 17 to 22 generations (Falconer 1955) and
in Drosophila a plateau in response also occurs in 20 to 30 genera-
tions. In many such experiments the population carried is rea-
sonably large, and at the stage when plateaus occur, genetic
variations still exist (Falconer 1960), sometimes with even higher
heritabilities than were originally present (Robertson and Reeve
1952). Thus, limits to selection which cannot be caused by ex-
haustion of genetic variation, inbreeding depression, or linkage
with deleterious fitness factors also exist. These may possibly be
the effect of a changed physiological or genetic milieu and hence
different gene effects, or due to the existence of complicated
epistasis. If gene actions are so complicated or if natural selection
opposes any particularly directed selection, then the relaxation of



55

selection should cause a decline in mean response. In these cases,
as well as in the case when different alleles may have been fixed
in subdivided populations, a breeding procedure which can utilize
gene differences among subpopulations is required.

A series of studies by Frankham and others (1968a, 1968b, and
1968c) 1is particularly enlightening. Those authors conducted
replicated tests of a two-treatment factorial combination of popu-
lation size (10, 20, and 40 pair matings per generation) and
selection intensity (selection proportions of 10, 20, 40, 80, and
100 percent) over 50 generations. Over the first 12 generations,
the strongest effect was that of selection intensity. Gain was
clearly linearly related to selection percentage, except that the
80-percent selection level (four-fifths saved) was almost indis-
tinguishable from the control population (100 percent saved).
These results agree well with Kojima and Kelleher’s (1963b)
observations. In contrast, the effect of population size is not as
strong as that of selection level in the short run, but the larger
population tends to attain a higher total gain at the same selection
intensities. In fact, the 40-percent selection population with 40
pair matings did exceed the more intensive 20-percent selection
carried with 10 pair matings. Also, in terms of the ratio of
achieved gain to selection intensity (the realized heritability), the
milder selections tended to exceed the more intensive percentages
and indicated that a longer period of response, and eventually a
greater total response, may be obtained at the 40-percent selection
level than at the 20 or 10 percent. It would thus appear that even
in the short run, the increased gain by increasing selection in-
tensity can be detrimentally affected if the populations maintained
are small. While milder selection around 50 percent may provide
a long, slow gain, at least the number of pair matings should be
kept large.

In general, however, the response is a linear function of the
initially estimated heritability and selection intensity and some-
what less of N.. While the effects of selection intensity on realized
heritability (i.e., achieved gain + reach) are not clear, the early
responses suggest that both small N, and high selection intensities
tend to reduce total gain. The variation among replicates of the
populations was so high, however, that no one population could
be expected to follow these average trends very closely. The
smaller population sizes in particular exhibited great variations
in response, indicating that at least sampling variations affect
the replicate variance in the stochastic processes involved in the
generational sequences. Even under these controlled environments,
and with an organism adapted to those controls, the gene effect,
selection, and mating processes generate substantial variations
among identically treated (with respect to population size and
selection intensity) population trials.

In the longer run, of 50 generations, most populations still
appear to be responding to selection. The higher levels of selec-
tion intensity also still produce higher responses per generation.
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However, the effects of population size, which earlier were not
clearly established, became a major factor in determining re-
sponse. By the 20th generation, there is a clearly established
effect of larger population sizes on increasing response as lower
selection intensities begin to exceed higher selection intensities
if they also have larger population sizes. By the 50th generation,
there is a rough equivalence in response of the main effects of
increasing population size and of increasing selection intensity,
and hence there is a much greater realized heritability for the
larger populations. In addition, while all populations show some
reduction in genetic variance, the larger populations continue to
display a higher response rate than the smaller ones. It was clear
that even with 16 percent heritabilities and using simple mass
selection, the population responses of the larger populations under
10 percent selection exceeded the original mean by 1 standard
deviation in two generations and by 2 standard deviations in five
generations, with continued response after that. Thus, in relatively
few generations, the population means far exceeded the original
extremes.

In additional tests of Robertson’s (1960) suggestions that early
selection might advance gene frequencies into a safer intermedi-
ate range, smaller population replicates were split off from the
10-, 20-, and 40-percent selection populations with 40 pair matings
each after 16 generations, by sampling 10 pair lines and breeding
in those at their same selection intensities. All subpopulation
splits of 10 pair lines immediately fell behind the larger population
and the lag accumulated. This is a clear experimental counter
evidence to the concept that it is generally safe to restrict popula-
tion size after an initial period of selection in a large population.

The variations among replicate populations, especially smaller
populations, remained very large, tending to increase as a func-
tion of the mean response and hence increasing as selection in-
tensity increased. The larger populations continued to exhibit less
variation than the small ones. In addition, the variation among
populations was exhibited when temporary plateaus and rapid
responses alternated. While the average response for the replicates
at each of the selection intensities was reasonably smooth, indi-
vidual replicates varied widely in size and period of response. The
average declines in fitness, as tested in lines drawn from the
selected lines and placed under relaxed selection, were moderate
and lasted only a few generations. Therefore, there was only a
moderate amount of natural selection opposing the directed selec-
tion. Some individual lines, however, did regress strongly due to
recessive lethals still being carried and possibly also due to strong
epistasis and linkages.

These long-term results indicate that epistatic interactions and
the formation and destruction of linkage blocks can be important
in holding genetic variations in populations, at times impeding,
then aiding response to selection. The populations continue to re-
spond to selection and though there is some moderate decline in
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heritability, large variations among replicates also exist. In check-
ing the state of the populations, it was found that some lethals
were still present and affected selection response, but that the
genetic variance was by no means exhausted. Several loci with
large-effect alleles were still present at intermediate to high fre-
quencies and some at low frequencies. Thus, it was concluded that
several large-effect genes at low initial frequencies can continue
to affect selection response long after one might otherwise assume
their fixation. In addition, the presence of complicated linkage
and epistatic effects can so confound the response to selection that
useful genetic variance can also persist for many generations,
especially at the larger population sizes and lower selection in-
tensities.

From these various theoretical and long-term experimental
studies, the possibilities of progress from selection and simple
mating schemes among selected parents can be broadly sketched.
For traits which are inherited in a truly quantitative manner,
the response to selection is a reasonably linear function of the
narrow-sense heritability or selection intensity, at least in the
short run. If heritability is well estimated, population sizes are
kept high, and truncation selection applied with accuracy, the
average linear estimates of gain, such as by Griffing’s (1960)
formula, should be reasonably close. The effect of severe restric-
tions on population size, however, is felt even before the 10th
generation, and can have major early effects if there are large-
effect loci at low frequency in the population or if epistasis and
linkage are strong. Thus, even in the early selection generations,
a large N, is required. Furthermore, since large-effect loci may
possess the favored allele at low frequencies for many generations,
a continuously large N, is required for continued selection gain.
Since N, in such sequential breeding populations is sensitive to
occasional bottlenecks, a continued monitoring of N, is required.

Since gain is therefore affected both by the selection differential
and N, and since the two are somewhat antagonistic objectives,
some compromise is required. That is, the more intensively selec-
tion is applied, the smaller the number of selected parents will be.
The problem is easily avoided by producing and examining large
numbers in the intervening progeny generations between selected
parental generations. Since the selection differential is a function
of the proportion selected while N, is largely a function of the
numbers selected, the obvious solution is to increase the base pop-
ulation from which the parents may be selected. This may be done
to maintain a minimum acceptable effective number of parents
so that the expansion of the population examined increases the
selection differential or may be carried out by proportionately in-
creasing both N, and z/p. The cost of increasing the selection
differential by increasing the numbers of trees tested can be very
high, as noted by Shelbourne (1973), where the increase in 2/P
by a factor of 2 requires vast increases in test size (figs. 9 and
10) at higher selection intensities (Namkoong and Snyder 1969).



SELECTION DIFFERENTIAL IN STANDARD DEVIATION UNITS

(FOR POPULATON SIZES >50)

2.8
2.6
2.4
2.2
2.0

1.8

1.6

1.4

1.0
0.8
0.6
0.4
0.2

0

I 2 3 4 5 6 T 8 9 IO
PROPORTION OF POPULATION SELECTED

Figure 9.—Relationship of selection differential to proportion of examined
population which is selected. (Shelbourne 1973)

If the cost of increasing the test population is high relative to the
cost of the generation time, one may save by selecting in tandem
sequences at lower selection proportions (Rawlings 1970). Never-
theless, there is a constant requirement for keeping large N, and
as high a selection intensity as compatible for short-run gains
per generation. In the long run, less intensive selections would
give greater total gains, but such plans would require careful
examination for economic evaluation.



(‘2 2.8
o/.

s 2.6 ./
INY —
S 24t "
S -
E 2.2- /
Q Q 2.0}
QR /
Efﬂl'a— .
=N 6L
Se
3%!.4-7
\l‘ .
X I I.2f
SS
g:jml.oi

Q
LS 08
< N~
Q
= 0.6
S
~ 0.41
Q
Q 0.2¢
“ | | 1 1 1 1 1 1 1 1

0O 10 20 30 40 50 60 70 80 90 100
NUMBER OF TREES SCANNED/SELECTED TREE

Figure 10.—Relationship of selection differential to number of trees examined
per selected tree (inverse of proportion selected). (Shelbourne 1973)

Continued response from selection due to genes at initially
low frequencies may also be expected regardless of the size of
their effect. While large-effect alleles at intermediate frequencies
and with small N, may be quickly fixed, maintaining larger N,
can keep favorable, low-frequency alleles in the population for
many generations while substantially increasing their frequency.
Therefore, large population sizes, especially in the founder popu-
lations, can significantly affect progress for many generations.
The effect of such low-frequency alleles will also be felt in crosses
among any subdivisions of a larger population as may be de-
veloped. This is especially important if few alleles are expected
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to exist in natural populations at frequencies close to 14.

It may be common for frequencies of favorable alleles to form
a bimodal or skewed unimodal curve. Traits presently or recently
under selection would force gene frequencies to extremes unless
overdominance is strong, which is unlikely to occur for very many
loci. Such traits would tend to exhibit unimodal distributions with
the allele favored by natural selection in relatively high fre-
quency but not necessarily fixed due to the effects of slow re-
sponse at high frequencies, migrations, etc. Loci with little
present selective pressures might be more uniformly distributed
except as drift would cause extreme distributions or as past
selections would cause skewed distributions which have not been
homogenized by gene migrations. It can thus be conjectured that
the maintenance of genetic variance, which requires stable gene
frequencies, and continued response to selection, which requires
changing gene frequencies, are simultaneously possible to achieve.
Both genetic variance and initial responses to selection will depend
on intermediate-frequency genes or large-effect genes at low fre-
quency. As these can change very rapidly, they soon will join
the pool of high-frequency genes with little further effect on
either variance or mean. The pool of genes at low frequency of
favorable alleles must then be moved into the effective frequency
range and can continue to slowly feed genes into positions to
affect means and variances. Thus, the initial profile of gene fre-
quencies can affect the continuity of response without linkage,
epistasis, or other effects which further complicate the response
patterns over generations. Thus, also correlations can change
rapidly over generations according to which loci are changing
frequency, while the total genetic variance itself remains stable.

In general, it might be concluded that over the generations
of a selection program, the correlations among traits are highly
susceptible to change as well as to very poor initial estimation
(Bohren and others 1966). To effectively select for many traits
simultaneously, therefore, requires an understanding of the mech-
anisms invoking the correlations to predict their changes as well
as to modify them by selection. This further places a premium
on keeping a high N, so that the opportunities for special selection
of recombinations might be effective. The special association of
traits under selection with reproductive fitness traits requires
special attention for its modifying effects on selection.

INITIAL SELECTION CONSIDERATION
IN FORESTRY

For most forest tree species which have not been heavily se-
lected for fitness in plantation environments, the prospects for
selection gains by almost any method for many traits of com-
mercial importance seem temptingly unexploited. As long as
founder population and subsequent effective population sizes are
kept large, well-estimated heritability X selection differential can



61

be expected to reliably estimate average gain for quantitatively
inherited traits. If large populations exist from which to select
new generations, then intensive selection from many trees can
still provide for a relatively large number of selected parents.
Then, at a constant heritability, gain is maximized by maximiz-
ing the size of the populations in which selection is practical. For
minimal breed population sizes, however, increasing the selection
intensity by expanding the progeny populations or the wild, orig-
inal population from which the breed parents are selected may
often cause associated problems in adequately judging the selec-
tive value of candidate trees. Not only is it more difficult and
costly to examine or test large numbers, but the tests cannot be
held to standard conditions very well. Thus, as more numerous
or more massive tests are run, the error in estimating selective
value increases and the heritability of the value measure de-
creases. In addition, more variable environments are encountered
and less control of age, spacing, or other significant variables
will also decrease the heritability of the traits. Thus, even if costs
of expanding the test populations can be afforded, there is no
advantage to increasing the differential when the decrease in the
heritability exceeds the gain in the differential. A further diffi-
culty in measuring the selection differential occurs when large
numbers of trees are examined and more errors are made in
determining the trees which actually rank highest phenotypically.
Tree breeders may therefore be faced with economic and physical
limits due to the size and time requirements of trees not en-
countered to the same degree in other organisms.

The requirement for maintaining large, effective population
sizes, however, is not diminished especially if traits can commonly
be expected to have loci with favorable alleles at low frequencies
and selection pressure per trait, per locus, is not very intense.
Then, the need for large N, for even short-run gain maximization
is acute. Even if breed population crossing programs are con-
sidered for future breed development, the low-frequency alleles
are still required for new recombinations to provide advanced
gains. This is particularly acute for those species and means
where the main natural populations are being replaced by the
new breeds. However, even when large, unselected populations
may remain, the new breeds can be expected to be such improved
forms that any reselections in the original populations will be
costly. Furthermore, even without the expected existence of in-
breeding depression, the need for ancestral data and control of
ancestral relatedness in future breeding populations is necessary.
Since inbreeding depression does occur so commonly among forest
tree species (Franklin 1968), and epistasis must eventually affect
selection response, forest tree breeders will be continually select-
ing under some adverse effects of natural selection, regardless of
any direct associations of the selection goals and reproductive
fitness. Any loss of reproductive fitness may be overcome at a
cost, by special treatment to increase fruiting branch tips as by
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cloning, or by enhancing natural reproduction under controlle
environments. Nevertheless, linkage, pleiotropy, and epistasis ca1
confound natural and artificial selection effects.

The tree breeder does have some considerable advantages in
controlling selection progress which have not been considered in
these simple programs. Breeding programs can be devised that
offer many alternatives to the simple mass selection and random
mating of selected parents which can aid ancestral control. Fur-
thermore, the breeder can test and retest an individual and its
relatives in controlled environments and hence increase the herit-
ability of the value measure. By controlled mating, controlling
family size and designing periods of relaxed selection or crossing
among subdivided populations, or deliberately avoiding or mini-
mizing coancestries, he can inhibit the reduction of N.. Thus,
breeding programs tailored to the organism and traits can have
wide latitude in making the general selection program efficient
and effective. Tree species present particular operational prob-
lems, and certainly each species and trait selection has unique
problems in applying the general procedural principles of opti-
mum selection and breeding methods. Nevertheless, within the
limits of the reproductive mode and of extrapolating results too
extensively, the general principles of plant breeding can be de-
veloped from the theories of selection outlined in this chapter
and can be applied as outlined in chapter 3.



CHAPTER 3
BREEDING THEORY

In most breeding programs with large numbers of parents,
inbreeding and coancestry can be maintained at low levels for
many generations. Some mating plans for selected parents can
rapidly lead to high levels of inbreeding or coancestry, however.
Crossing all parents to a single male or female would induce high
inbreeding and quickly create high ancestral relatedness among
all members of the breed population. The effective population size
would be rapidly diminished and selection progress reduced. Only
by introducing new materials would new genetic variants be avail-
able for continued selection. If the new genotypes, however, were
from an unselected or unadapted population, the breeding popu-
lation would immediately suffer some loss in mean value and
might take several generations to recover its former gains. For
crops in which several cycles of intensive breeding can alter varie-
ties in a few years, this course of action may be feasible. Until
that is possible with forest trees, however, it is far more efficient
to avoid the necessity. Reasonable gains can be achieved in selec-
tion systems that maintain large populations and in mating
systems that minimize inbreeding.

Discussion of breeding methods aimed at fixing optimum com-
binations of major genes is beyond the scope of this book. Major
genes, as contrasted with polygenes, have such a large average
effect relative to variations in phenotypic expression that the
genotypes can be identified with little error except for dominance
or other masking types of gene effects. Relatively few loci would
affect any single trait, and breeding methods to fix optimum
genotypes would be simple and are well described in classieal
genetic texts. At this time, few economically important traits in
forest trees are known to involve major gene effects but more
will undoubtedly be found as data and measurement techniques
develop. It is assumed that as detection of such genes progresses,
they will be fixed by well-established procedures within breed
populations that are also being developed for the totality of traits
requiring genetic improvement. It is expected that many traits
will be improved through a combination of major and polygene
breeding methods, but that in forestry, primary emphasis will
remain on polygene improvements for many generations. Regard-
less of the emphasis placed on one type of gene action or another,
a continually improving base population is needed from which
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subpopulations can be drawn for any special breeding procedures.

Our concern here lies with selection and mating programs
designed for sequential development of breeding populations. These
programs are distinguished from those for the expansion of
genotypes into seed orchards for the production of seedlings,
cuttings, etc., for commercial forests. We shall postpone for later
consideration the problems of measuring economic and ecological
value and temporarily assume that tests and measurements on
trees have been made and that phenotypes have been accurately
observed and evaluated. We shall also assume that all problems
of planting, cloning, pollinating, etc., present no restrictions on
our choice of either selection or mating design.

Regardless of the breeding method, each generation is expected
to produce genotypes with cumulatively better collections of alleles.
Multiple production of sibs by crossing among large numbers of
parents, or among single pairs of genotypes, or by selfing espe-
cially good lines for commercial seed production is a technical
problem for the breeder but is not treated here. Similarly, the
best genotypes can be periodically chosen for vegetation repro-
duction, as in poplars, but again, we shall have to consider pro-
duction problems as ones of technique in handling and distributing
what the breeder produces. The concern of this chapter is on
iteratively improving the breed population from which the best
propagules can be drawn for commercial use. The next chapter
focuses on the problems of identifying the best genotypes within
any generation. We would generally expect that only the ex-
tremely best propagules would be used in reforestation in any
one breed generation. Some ecological balancing to avoid the
dangers of monoculture has to be considered as well as the
optimum mixture of growth forms to satisfy the multiple use
requirements of the forest land. In general, we do not expect to
decrease the genetic sources of variance in the basic breeding
populations. Therefore, breeding programs will not generally re-
duce the tree-to-tree variances as has sometimes been claimed.
Only if a restricted subset of the breed is used in plantations
can the genetic sources of variance in plantations be reduced.
Otherwise, genetic uniformity can come only at the expense of
the breeding program.

Three kinds of populations can be envisioned in each cycle of
selection and breeding: (1) the selected parents which are mated
in certain designs to produce the next generation; (2) the next
progeny generation so produced, which serves as the base popu-
lation for the next cycle of selection; and (3) the population of
genotypes used in the production of propagules for commercial
use. The last may be a subsample of the selected parents set aside
for production matings or vegetative propagation. It may be more
intensively tested and selected to a smaller set of parents or
ortets for immediate propagation. It may then be used as a base
population in short-term breeding programs for pure-line or
single-cross production. On the other hand, if seed or ramet pro-
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duction needs are pressing, the population for that production
may include all of the parents that are used for the breeding popu-
lation or an even wider sample of trees as may be required for
commercial propagation. We shall be concerned with the first
two kinds of populations and how they are generated by a selec-
tive reduction to some minimal set of parents, how the parents
are mated to produce a larger and improved base population, and
how the reselection is to start again. Methods for selection and
breeding are given first for single populations. Distinction is
made between breeding procedures used for the long-term breed
development and breeding within any single generation. Hybrid
breeding methods are then examined as is provenace selection,
before integrated breeding program organizations are reviewed.

SINGLE-POPULATION BREEDING

In general, the breeding system used is highly dependent on
the normal mode of reproduction exercised by the organism and
its native sources of genetic variation. For normally crossbred
organisms such as most forest trees, the maintenance of crossing
among a large sample of genotypes can be achieved within a
single population, even though the eventual population composi-
tion may include few genetic variants. Single-population breeding
methods may be maintained for hundreds of generations, and
may even then contain sufficient genetic variations to respond
to changing ecological or economic objectives. We first examine
the systems involving intensive inbreeding and then other systems
which allow for less inbreeding and more control of coancestries.

In organisms such as corn and wheat, which can be adapted
to selfing or high degrees of inbreeding, pure lines or pedigrees
are commonly developed, though they may be outcrossed for com-
mercial production. Much of the success of these methods lies in
a good selection of the original parents and in the ability of
breeders to advance many lines for many generations to derive
the final, limited, selected set of genotypes for commercial seed
production. A single inbred is usually grown for production, but
the lines may be crossed for the seed released as well as for the
establishment of new segregating populations from which new
selections for pure-line developments can begin. If inbreeding
depression or survival and reproduction are not too severe, and
the genotypes selected can be accurately observed in spite of the
opposing depressive effects of homozygosis, then pure-line breed-
ing can be useful. For limited objectives on a few loci where
homozygosis is beneficial, such pure lines may be profitable. If a
line is already developed and a few loci or chromosome segments
are to be substituted, then various backcrossing schemes may be
useful. Such systems, which rely on the development of invariant
genotypes, are most easily carried out with natural selfers apo-
micts, or those that rely relatively little on genetic recombination
for reproduction. Most such species—tobacco, oats, peanuts, etc.—
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exhibit some degree of outcrossing but often have relatively low
chromosome numbers and recombination frequencies.

INBREEDING SYSTEMS

Systems of selfing and partial combinations of half-sib and
progeny testing systems may be constructed to fit the require-
ments of the organism being bred. In forest trees, however, most
such family selection systems are not required since the original,
relatively unselected parents can be saved. Furthermore, appli-
cation of such systems to trees would often entail severe inbreed-
ing depression. Thus, selfing systems and pure-line breeding, in
which single genotypes are sought for development, are not often
practical for trees. The half- and full-sib family selection systems
are usually not followed by sequential inbreeding within selected
families but rather are used in recurrent selection schemes for
either general or specific combining ability. Such systems, how-
ever, are possible to develop with forest trees as exemplified by
the Douglas-fir selfing system used by Orr-Ewing (1965).

In contrast to recurrent selection systems in which intermating
among selected parents is sequentially used to generate new,
generally cross-pollinated populations in which variability is
maintained, line breeding extracts more purebreeding homozygous
genotypes either for self-propagation or for use in specific crosses
or in synthetic varieties. Forest geneticists will generally start
with unselected crossbreeding populations, which will generally
resemble the F'; populations used by pure-line plant breeders. The
emphasis in such breeding systems generally lies in maintaining
line samples from as large a proportion of the base population as
possible and not on selection among lines until the final generation
is reached. However, one may select among lines according to
pedigrees or may segregate especially good bulked populations to
concentrate effort on more promising lines even during the early
generations. The balance achieved would presumably depend on
the need for commercial breeding lines during the intermediate
generations, and the trustworthiness of early-generation selec-
tion. The heritability appropriate for computing gain from selec-
tions includes the total genetic variance among lines in the
numerator and the phenotypic variance of line means in the de-
nominator. Since the genetic variance changes with inbreeding
and gene effects and since responses to environments may affect
the phenotypic variance differently from generation to genera-
tion, it will likely be necessary to reestimate the appropriate
components of variance more often than in the recurrent selec-
tion systems.

HYBRIDIZING INBREDS

Since severe depression is an expected consequence of inbreed-
ing forest tree species, few tree breeders expect to use inbreds
directly as the commercial material. Instead, inbred lines may be
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used as parents in some form of crossing system among lines to
create a relatively vigorous hybrid. Single crosses take but one
generation to develop in contrast to triple, double, and higher
order configurations and might, therefore, be expected to be more
commonly used than others. A single cross may be widely planted,
but such a practice would be subject to the same dangers as any
other monocultural system. Instead, sets of single crosses may be
used in commercial plantings. It is also possible to test-cross
among many possible line combinations and use only crosses
among those which combine particularly well in a synthetic vari-
ety. Such synthetic varieties are simply the product of intercross-.
ing among a small number of appropriately selected parental lines
and resemble recurrent selection populations except that the
source of material is generally more uniform genetically within
each parental unit. Specific test crosses and plantings for selec-
tion of good hybrid vigor are made and entries into the synthetic
are determined on that basis.

At present, there is little information on forest trees to indi-
cate that pure breed-hybrid systems can overcome the difficulties
in maintaining such lines (Franklin 1970a) or that selection
among selfs using additive gene effects can be effectively used for
developing synthetic varieties. However, little effort has been
expended in these directions.

MASS AND SIMPLE RECURRENT SELECTION

Various programs which eventually develop a uniform breed
or variety, but without selfing, are possible to carry out with
forest trees. Mass selection with a limited number of parents
selected each generation is one example. While these methods
eventually also rely on additive types of gene action and in the
very long run would eventually lead to pure breeding varieties,
inbreeding can be controlled and the normally outcrossing behavior
of most tree species can be maintained. Thus, in mass selection,
the open, randomly pollinated seeds from selected parents con-
stitute the progeny generation from which the next generation of
parents is selected. Simply maintaining a large N in the parental
populations assures a reasonably large N, and hence some con-
tinual variation in the breed. Under recurrent selection, the
matings would always be among the selected parents. With peren-
nial organisms that fruit repeatedly, there is no need to self the
selected parents to keep their genotype intact and hence the only
major difference between mass and simple recurrent selection is
that recurrent selection requires the systematic intermating of
all possible selected parents instead of simple random mating with
only female parent identification. Thus, the characteristics of mass
and simple recurrent selection in trees are the lack of test crossing
and the more or less complete intermating of selected parents with
uncontrolled versus controlled pollen parentage.

Mass selection is the simplest system to operate and requires
little time or effort. It may, therefore, be the most common breed-
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ing system. However, simple recurrent selection such as practiced
in clonal seed orchards can also be very economical. Agencies that
must provide seed for a planting program with many species
may find that establishment and seed costs are only negligibly
increased, if at all, by establishing clonal seed orchards (Perry
and Wang 1958). Hence, minimal breeding programs with either
of these two methods are readily justified economically.

At a slightly increased cost, pollination can be partially con-
trolled and parental sources can at least be identified in the field
if planted in blocks or rows and identified for selection. Some
coancestry control and data for testing parents can therefore be
obtained relatively cheaply. Large N is thus generated at a small
loss in future N, and precision of selection.

There are alternatives to testing and to the patterns chosen
for controlled matings. For instance, determining general com-
bining ability of individuals may require test matings on the trees
in the base population to some general tester set of trees. The
best performers can then be completely intermated as in simple
recurrent selection. Because the base population genotypes of
crop plants often cannot be directly observed or saved, some form
of family selection is practiced. Since the relatives would not have
the same genotypic composition as the original plants but may be
more precisely tested, the expected gain from selection is not
easily derived. For example, if the original plants are lost and
only open-pollinated seed are available for testing and subsequent
use as selected parents, then the selection of such a half-sib
family on the basis of performance in a replicated test can be
very precise. However, the individual plant (s) chosen to represent
the family as a new parent is only a half-sib of the plants tested.
While such measures are rarely necessary in tree breeding, the
results are quite similar to the practice of collecting open-
pollinated seed and selecting among these half-sib families on the
basis of the family performance in test plantations.

To estimate the gains from such procedures, we can develop
the concept of heritability in a somewhat different way than
Griffing (1960) did but with essentially the same approximations
and limitations. The result is easier to apply to plant breeding
situations (Empig and others 1971). If we again consider a
simple genetic model with many independent loci, each affecting
the trait in a similar, small, and cumulative way, then the effect
of selection can be estimated for one locus and added over all
effective loci. Using the model of gene effects as in chapter 7,
the genotypic and phenotypic mean of the population is:

p=wlq?— (1-q0) 2 +2¢; (1-gi) a:] =wi[qi— (1-q:) +2¢; (1-q:) ai].
The total genetic variance computed from

5, frequency X (genetic value)2—p? is:
i

0a®=qPu?+2q; (1-q.) a®ul+ (1-q:)%a2 — p2.
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The additive genetic variance is:
042=2¢q; (1-q;) w; [1+ (1-2¢:) a:]®.

The remaining dominance variance is:
op?2=4[q: (1-¢;) aus] 2.

The total phenotypic variance (oy?) includes a purely environ-
mental variance component o2, and assuming no correlations nor
interactions of genotypes with environments,

0'p2 = 0(;2 + 0’1:;2.

Then the population change under a selection differential of sis a
function of the change in gene frequency and the change which
those frequencies would have on genotypic or phenotypic means.
In a normally distributed population, E (s) =ie, or (z/q)c as
previously derived in chapter 2. In the following discussions, we
shall assume that the s is appropriately determined for any given
distribution and is determined by considerations of minimum N,
total numbers to be examined, and cost factors independent of
heritability. We also assume that the populations are large enough
or are replicated sufficiently that variations in s and h* are not
important. In forestry, the assumption of independence of s and h?
is questionable, but discussion of this is temporarily postponed.

The change in gene frequency can be approximated by a linear
regression of the frequency on genotypic value which would be:

Cov (gene freq., phenotypic value).
Var (phenotypic value)

In mass selection, the allelic frequencies for each genotype and the
selection values are:

Genotype
Item
A’A’ AA’ AA
Genotype frequency (f) (1-q)?2 2q (1-q) Q>
Mean phenotypic or
genotypic value (&) —u au U
Allele A frequency (y) 0 1% 1

The mean frequency of allele A is:
y= (%) (2¢(1-9)) +¢*=q.

The mean phenotypic value is:
z=[q*— (1-¢) *]Ju+2q (1-q) au.
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The sum of cross products between gene frequency and phenotypic
value is:
s fey=q*u+q (1-q) au,

and therefore the covariance is:
s fey—ay=q(1-q)u[1+ (1-2¢)a].
The effect of such a gene-frequency change on phenotypic mean
(x) can be approximated by :
07 _dtulet = (=) 20 001,11 (120001
Therefore, the gain is:

s Cov (gene freq., phenotypic value) dz
. . .

AG~ kil
op dq

=—32¢(1-)uw[1+ (1-2q) 017,
4

and from the definition of o2,

summed over all loci.

Finally, we may observe that the Z—z is in effect approximated

by the covariance between the new genotypic values and the gene
frequencies when divided by ¢(1-q). Therefore, the product of
the two, as used to approximate gain, is:
Cov * %: (Cov)2+q(1-q).

Since (Cov)? is a function of the additive genetic variance, ¢42 is
a function of the covariance between the phenotypes selected and
the expected phenotypes or genotypes of the selectively regener-
ated population. This assumes that the selected parents are ran-
domly or completely intermated. Thus, the concept of heritability
as a regression coefficient with Cov (phenotypes selected, geno-
types generated) =+ phenotypic variance is a useful approxima-
tion to actual expected changes in allelic and genotypic frequencies.

FAMILY SELECTION

In half-sib family selection, as detailed by Empig and others
(1971), the family means are estimated using random matings
with the unselected population, and the best families are inter-
mated to produce the next generation. We ignore individual selec-
tion within families until later in this chapter. In family selection
with crops, the common parents of the families usually are not
available, and the actual units selected are the open-pollinated or
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randomly mated progeny which are half-sibs of the test materials.
Thus, parents of the A4 genotype occur with frequency ¢2 and
have randomly mated offspring of types AA and AA’ at expected
frequencies ¢ and 1—q, respectively. Expected values of # and au,
respectively, give a weighted mean value of AA parents of ¢2
[qu+ (1-g)au], since the AA occurs with frequency ¢2. The
frequency of the A allele in the progeny of this family is ex-
1+gq

pected to be . Computing the similar expectations for the

AA’ and A’A’ genotypes gives the following set of values:

Parent genotype
Item
A’A’ AA’ AA
Genotype frequency (f) (1-q)2 2q(1-q) q2
Offspring mean value (x) qau— (1—q)u (—2—(]_%% qu+ (1-q) au
Allele A frequency (¥) —(2_1- 1 -';2(1 1_;‘1

The covariance of gene frequency and phenotypic value is:

ﬂfﬂ[n(l—&l)a]-

dx . )
The ——function remains the same as before:

dq
dr _
%_2u[1+ (1—2q)a]
and hence:
= s ™, . @
E(AG) —Ozlmlf-sib (HS) ) COV(q’x) dq
— 2
=—82-&2q>u2[1+ (1—2q)a:|
OHS
=3 2(%)‘7442'
OHS

This value can be summed over all independent loci, since the
042 is that which is summed over all loci and ¢?4s is the common
expected denominator. The gain expectation could alternatively
have been derived by simply noting that the covariance between
the genetic value of the individual units selected and the test ma-
terials is that of half-sibs. The ratio of this covariance to the
phenotypic variance is a heritability appropriate for half-sib
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family selection:

1/, 0,2
hH:Sz: /L 2
OHS

and expected gain of:
E(AG) :Shns2.

In general, o5 is more easily controlled and hence can be much
smaller than ¢,2 if uncontrollable environmental variances in
o, are large.

If the original parents can be saved for breeding by some form
of self-propagation, then the matings for commercial production
can be controlled to include only selected parents. This occurs, for
example, when open-pollinated or bulk pollen may be used to
produce test seedlings while the original parents’ genotypes are
grafted or otherwise preserved. Then, the parents are rogued
according to the half-sib family tests and the selected clones
allowed to intermate. In this case, the gene-frequency gain of the
favorable allele is essentially doubed, and hence doubles the co-
variance between value and favorable allele frequency. Alterna-
tively, the covariance among half-sibs may be viewed as being
essentially constant, but the effective selection differential doubled.
In either way of deriving the expected gain, the preservation of
the original, undiluted genotypes and their intermating doubles
the expected gain. This is actually a form of progeny testing
on the basis of half-sib family performance, but the covariance
relationships are most easily derived, as we have above.

It should be noted that while only 14 or 14 of the additive
genetic variance is effective in the numerator of the gain heritabil-
ity, the denominator is the variance of the half-sib family means
used in the tests. In the nested design, as reviewed in chapter 8,
the female half-sib family variance is:

o2+ ron2+rmes?,
and the family mean variance with » replications and using a set
of m male tester pollen per female is:
2 2 » 2 2 2
g2+ Ton?+rmo o o
4 m ;T —Y9e +Im 4 f2_
rm rm- m

Thus, by increasing the » or m factors, this variance of a family
mean can be considerably reduced if ¢.2 is high as it must be if
the hus? is low.

In full-sib family selection, the family means are estimated
for each pair mating and the best families are propagated. If
propagation is by random or complete intermating among the best
families and specific dominance effects are not used, as they may
be in special pair matings, then only the additive genetic variance
is used in the numerator of the gain heritability since all domi-
nance deviations are expected to be randomly distributed. Thus,
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the genotypic mean frequencies, values, and the frequencies of
favorable alleles would be given in Empig and others (1971) and
yield an expected gain of:

s . 1/20A2.

2
OF§

In this case, ors? is the variance among full-sib family means and
would usually be slightly larger than o2 since it uses just one
other parent as a tester source of pollen. In terms of the nested
analysis used for the o,s? composition, the o,s® would include:

a2
r

+on?+ o,

The numerator again is twice the covariance of half-sibs since
the mating is done independently of any dominance or specific
cross combinations which may give high yields due to specific
gene interactions in the progeny.

If the original parents could be saved, or somehow the full-sib
families could be reconstructed by selfed seed or vegetative propa-
gation, the immediate gain could be enhanced with specific crosses
which may have combined especially well. Such interactions, as
measured by the deviation of the specific cross from what may be
expected as the average value of the parents in other random
crosses, is called the specific combining ability. It is a deviation
from the average of the parental performances, which are their
general combining abilities. In this case, the full covariance of
full-sibs would be used in the numerator of the gain heritability
and would include:

%U’A2+ 14002.

However, if cumulative gains are desired from such initial selec-
tions, the specific crosses have to be reconstructed to select for
heightened specific combining ability. Otherwise, if a general
crossing system is followed and new selections are made from a
random or complete crossing scheme, only the 14042 can be used
to predict cumulative gains.

HERITABILITY CONCEPTS

Since many types of breeding programs are available, forest
geneticists are sometimes confused over the appropriate definition
and use of heritability for each program. Animal breeders and
geneticists originally defined heritability as either the total genetic
variance + total phenotypic variance (broad-sense heritability),
or total additive genetic variance + total phenotypic variance
(narrow-sense heritability). Since plant geneticists apply differ-
ent forms of selection and breeding, the proportion of the genetic
variance that can be translated into gain is different for them.
They can also change phenotypic variance at will with plots,
environmental replicates, etc. Therefore, the ratio of genetic



74

and phenotypic variances requires further specification in plant
genetics.

In the approximations of Griffing (1960) and Robertson (1960),
simple genetic models were used and allelic effects were summed
over independent loci. The assumed conditions were a form of
mass selection or simple recurrent selection with random mating
among the selected parents and no change in variances over many
selection cycles. In the regression concept of heritability, as de-
scribed by Empig and others (1971), and more explicitly de-
veloped by Hanson (1963) and Falconer (1960), continuous
genotypic distributions are assumed; it is further assumed that
recurrent selection procedures will regenerate all variances in
each generation. Since the different derivations vary only in the
contribution of N, and in some epistatic components, all provide
the same predictive quality and all are susceptible to most of the
same limitations and have the same model deficiencies.

THE NUMERATOR

In the regression concept, the numerator of the gain heritability
is the covariance between the genetic value of the plants pro-
duced for ultimate utilization and the phenotypic measures used
to estimate that genetic value. As noted above, a breeder may be
interested in one of two types of produced materials: (1) the
exact reproductions of the families or clones tested or (2) the
randomly mated or completely intercrossed new population in
which genetic recombination is expected to reduce the effects of
specific combining abilities. When tested families can be repro-
duced by saving parents and remating according to test values,
then the full genetic variances indicated by the covariance among
family members constitute the numerator. If selfs or clones are
produced, total genetic variance is included. If full-sibs are pro-
duced, the array of genetic variances should include:

1/20.42+ 1/4<UD2+%UAA2 “ e ey

because all these elements enter into the variance among full-sib
families. Similarly, for half-sibs or any kinds of families pro-
duced, the genetic variance among the selection units that should
be entered in the numerator of the gain heritability is the repeat-
able part of the variation. On the other hand, if selected family
representatives are mated or if parents are completely intermated
to generate a population for the next cycle of recurrent selection,
then the full contributions of epistatic and dominance effects will
be reduced by the extent to which the intralocus and interlocus
allelic correlations are lost in the recombinations and matings.
Then, regardless of whether the parents were selected on the basis
of clonal, full-sib, half-sib, or other family mean values, most of
the nonadditive genetic contributions to the differences among
selection units will be lost in random or complete intermatings.
Only by selfing or selective crossing, as in single crosses or
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synthetic variety construction, or by recurrent selection for some
specific combining ability, can the nonadditive variances be effec-
tively used in a cumulative sequence of generational gains.

One factor that can influence the genetic variances in the
numerator is the presence of cryptic differences between the
measured traits and the traits desired for actual improvement.
Since the performance of an individual or family under forest
conditions may be only partially correlated with performance
under test conditions, the appropriate heritability numerator
should be the genetic covariance and not the genetic variance.
Some compensation for differences between age, condition of test,
etc., should be made when possibilities of measuring correlated
instead of directly measured traits can be estimated. Further
treatment of selection with correlated traits is postponed to
chapter 4.

One other element may enter the numerator of the gain herita-
bility due to nonlinear of nonadditive relations between genotypic
and environmental effects—the genotype-by-environment interac-
tion. If testing and evaluation are performed over a sample of
environments, and genotypic value is determined as the average
of each genotype over the various environments, then the genetic
variances can be defined in terms of the plants’ reactions to these
environments. However, particular genotypes may perform espe-
cially well or poorly in certain conditions. If so, their potential
yield on those sites will not be well predicted by an average yield
over all environments, an average of the environments, or the
mean contribution of both genotype and environment. Consider,
for example, two families on two sites. If genetic variance exists
on each site and family A scores 10 and family B scores 5 on
site I; but A scores 15 and B scores 20 on site II, then the relative
rankings change, average site difference from 7.5 to 17.5 would
be observed, but no overall genetic variance would exist. Since
there is no average difference among genotypes, selection for
average performance would be futile. However, if the sites are
classified and planting zones are distinguished for separate breed-
ing efforts, then the genetic variances within sites can be used to
predict gain and the genotype-environment interaction no longer
is defined. Conversely, if general performance over all sites is
desired but testing can be made only on a few sites, then genotype-
environment interaction may cause bias in estimating gencral
performance. Nevertheless, the interaction can be useful if it is
recognized and if environments and genotypes can be altered to
take advantage of especially favorable combinations of special
trees on special sites. On the other hand, if the extra variations
caused by these interactions are large, small environmental sam-
ples will not provide good estimates of true average genetic
differences. Hence, the covariance between test performance and
average genetic value is reduced by the extent to which the inter-
action adds to the family differences in the site(s) tested. Thus,
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estimates of genetic variance taken on one site may apply only to
similar sites. Some value for an interaction variance must be
subtracted to predict the gain from selection for planting on
many sites.

If fertility, stand density, or other controllable site factors
have strong interaction effects such that some genotypes do ex-
ceptionally well under certain regimes, the interaction effects can
be used to enhance average genetic values and gains. It may then
be possible to select trees with good response to intensive culture,
for example, and to combine the improved seed with a cultural
regime recommendation. If so, the interaction effects should re-
main in the numerator.

In a closely related sense, the economic conditions in which the
forests must have adaptive value simply represent another class
of environments or performance requirements. However, it may
be easier to project estimated economic values according to models
of forest uses than to predict environmental variations and fre-
quencies. Multiple traits that directly and indirectly influence
some value parameters are easy enough to measure, but breeders
need to know the correlations between such traits and between
juvenile and mature tree characteristics. Hence, multivariate
analyses of genetic variances and covariances should be planned
along with measurements of performance in multiple ecological
environments.

THE DENOMINATOR

The denominator of the gain heritability is the variance of the
estimated mean values for the selection unit. Under mass, or
simple recurrent selection, the individuals are usually assumed
to be randomly located with respect to all environmental factors;
hence the variance among individual units is simply the sum of
all contributing variance components, genetic and nongenetic
alike. The sampling errors are both genetic and nongenetic and
can be reduced by extensive sampling to properly rate a selection
unit with respect to other units. Since trees can often be replicated
in plots and over environments, several components can be recog-
nized. We will usually assume that gross macrosite effects can be
recognized and variations in these adjusted for before estimating
relative values. If adjustments cannot be made or can be made
only with some error, the error variance of the adjustment or
lack of it would have to be included (¢z?). In addition, any inter-
actions of macrosite effects and genotypes (o¢z?) would contribute
to the variance among units. Both of these components would be
reduced by a good sampling of several environments and, if e
environments were randomly sampled, would contribute:

032 + 00E2
e

to the variance among selection unit means. In replicated tree
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plots, the error variation due to families not behaving the same
way in all replications within macrosites is a plot error variance
(0,2), which can be reduced by the number of replicates in each

2
macrosite sampled () and the number of macrosites (%—) . An

additional source of variation among units lies in microsite or
otherwise uncontrolled measurement or sampling error among
trees even in the same plot (o,2). This remaining error and the
residual genetic variation among trees within family plots (o,.?)
can be reduced by the number of trees per plot (n) and hence
would affect the phenotypic variance by:

0'«w2 + O'gw2

nre

A small portion of the within-family genetic variance (1/n) is
carried in ¢p2. The final commonly designated source of variance
among units is the variance component due to genetic differences
among the units themselves (o,2). Together with o,,%> and the
small portion of the plot error due to genetic sampling, the total
genetic variance is approximately:

0‘02%002 _l" O’gw2.
Thus, for single-tree plots, unreplicated but with adjustments
made for macrosite variations, the phenotypic variance is:

or? =02+ 0,2+ 0p2togr?t 0,2 Or o2+ a2+ ogp® + o6

If these are n families per plot, with r blocks on e macrosites, the
variance among family means that should be entered as the
denominator of the regression gain heritability is:
2. 6w2 + O'ﬂw2 _0'12_ 2
o e T T

Optimum allocations of n, 7, and e, for different cost constraints
can be developed to maximize efficiency or minimize the variance
for given costs of establishing “n’’ trees, in “r” reps, in “e” sites.
However, the problem of estimating the variance of the heritabil-
ity regression coefficient can be more complicated than the design
considerations reviewed in chapter 8 since both numerator and
denominator are estimated and we require the variance of the
ratio before optimum designs can be defined. Some simpler de-
signs such as the parent-offspring regressions discussed in chap-
ter 8 lead to some easily derived estimates of the error variance in
heritability estimates and to easily computed optimum allocations
of plant materials to efficiently estimate h? (Falconer 1960). Also,
when the heritability can be easily constructed as an intra-class
correlation or as a simple ratio of two mean squares, the distribu-
tions are well known (Hanson 1963) and optimum allocations of
materials can be derived by standard calculus procedures. How-
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ever, when variance components have to be estimated and several
mean squares have to be used in combination to derive the k2, the
variance is more complicated to derive and optimum designs more
difficult to design. Some combinations of numerator and denomi-
nator for different kinds of heritabilities are listed below.

The forest geneticist may design experiments to estimate the
components in a variety of ways and, independently of such esti-
mation experiments, may construct heritabilities appropriate for
several types of selection and breeding programs. If the component
estimation program is indeed independent of the breeding pro-
gram, then designs can be constructed to efficiently estimate the
components on the heritabilities, as discussed in chapter 1. Once
such estimates are obtained, the geneticist may then compare the
relative merits of different breeding systems according to their
expected gains by constructing the selection differentials and
heritabilities that apply to those systems. Some numerators and
denominators for different heritabilities for some breeding pro-
grams are:

Numerators Denominators
042 or?

3oa® orp?

1/2042 01w2=0'r2‘—og2
142

a2+t oap’

Voou*+140p®

Appropriate types of heritability for certain selection methods are:

Type of heritability Selection method

42/ op? Simple recurrent selection

042/ app? Recurrent selection with clonal or
selfed family testing

34642/ orw? Individual-tree selection within
half-sib families

Vooa? / ar? Mass selection without pollen par-
ent control

16642 / orp? Mass selection without pollen
parent control, with clonal test-
ing

Vo642 / orw? Cumulative portion of recurrent,
within full-sib family selection

Vjoa? / arp? Half-sib family selection

(Vooa2+V400%) / orp® Full-sib family selection
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EXPECTED PROGRESS FROM SOME
RECURRENT SELECTION AND
BREEDING SYSTEMS

If the selection differential and heritability are well estimated,
expected gains from various proposed tree-breeding methods can
also be well estimated. However, variance in actual levels of either
factor leads to variance among sample populations. Here, gains
from just one generation of breeding are examined for various
breeding and seed-orchard procedures for their average or ex-
pected results. Then, we consider breeding methods for repeatedly
and cumulatively improving breeding population in particular
mating patterns.

Simple mass selection is perhaps the easiest breeding method
in forestry; phenotypes are selected according to their individual
performance and open-pollinated with unselected pollen. In simple
recurrent selection, selected parents are systematically crossed
either in the forest or in orchards. In both methods, selection is
based on the individual’s own phenotype only, and both have been
called mass selection in plant and forest breeding. If the pollen
parents are unselected, the effective gene frequency of the favor-
able allele is halved and the gain is half of the usually computed
mass selection:

1/2042
0‘7'2

AG=s

This value is also essentially the regression of offspring on parents
when the offspring were from unselected, or uncontrolled matings.
The numerator covariance is that of offspring-parents, while the
denominator is the variance among the parents which were used
to estimate the value of their projected offspring.

If the original parents were saved and matings were among
selected trees only, then the full narrow-sense heritability would

apply:

2
AG=s"~,
ap

which is double the regression k2 noted above. In this case, the cost
of keeping the same s value increases by the amount required for
controlled pollination, establishing orchards, etc., but seed collec-
tion costs can actually decrease due to seed production and har-
vesting efficiencies (Perry and Wang 1958). In some species, it
ig difficult to cross selected trees except in clonal orchards, and
the cost of establishment is small enough that mass-selection
clonal seed orchards are standard operations. Other species, how-
ever, may be easily crossed onsite or may have propagational
problems too difficult or costly to bear in a clonal orchard program.
If onsite crossing is not feasible, a form of selfing or other family
selection may be required. The cost of seed may actually depend
more on vagaries of crop size, species, site, weather, and use of
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mechanized equipment, than on manner of crossing or control of
pollen parent.

One further procedure similar to mass selection in its full
utilization of the additive genetic variance is selection on the basis
of clonal performance, as recommended by Libby (1964). The
great advantage that vegetative propagule testing has is that for
traits with low k2, replications can reduce orp? well below o;% and
hence can increase the heritability that can be translated into gain.
However, the method requires that the performance of vegetative
propagules in tests accurately reflect that of seedlings or ramets
as used in commercial production, or at least that the covariance
between genotypic value and performance be close to the full
genetic variance. Topophysis, age effects, rooting or graft compat-
ibility variation, etc., can all reduce the covariance between per-
formance and breeding value and hence reduce the value of the
numerator ¢42. In addition, testing costs are high and should be
offset by later uses such as for seed-orchard materials. Time delays
in generating the new breeding population can also be costly, and
any reduction of numbers of genotypes which can be examined by
these methods may cause the s to be severely reduced, decreasing
the value of the breeding effort. Nevertheless, for species which can
be easily and cheaply propagated by cuttings, apomictic seed, etc.,
and which perform without much ¢ or special and biasing clonal
effects, the advantages can be great. The covariance between ob-
served performance and breeding value is not a true genetic
variance for clones or different aged materials that are either more
juvenile or more senile than desired. Gain is made on the basis
of the correlated response of tree value on measured trait, as out-
lined in chapter 4.

In addition to these forms of mass selection, various types of
progeny test selections have been employed, as described by Nam-
koong and others (1966). In these programs, an initial selection
on the basis of individual performance is made, as in mass selec-
tion, but more parents are selected than are actually to be used
in the final breeding population. A second selection is made on
the basis of further family or clonal tests to reduce the population
to the minimal N, desired. In clonal seed-orchard programs, such
as described by Zobel and McElwee (1964), the trees originally
selected in the first phase are crossed to some designated tester
trees, or often, a set of heavy pollen producers serves as pollinators
for the other parents. The families thus produced are evaluated in
field tests and estimates of the combining ability of the parents
are made. The trees which prove to be poor parents are culled
from the orchard, or a new orchard is established with ramets
only from the best parents. From these reconstructed orchards,
the seedlings of the reselected parents can be generally considered
as half-sibs of the seedlings produced for the testing, though a
slight bias exists if any of the testers are also selected. Therefore,
there is a half-sib relationship between the families tested and the
seedlings from the reconstructed orchard, and the appropriate
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covariance is that of half-sibs. When both parents have been se-
lected, the effect of the selection differential is doubled. Hence, the
gain from the second culling is:

Vaos'?

AGz =285 * R
orp

where ¢rp2 is composed of :
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oms?® is the male X female interaction variance and m is the number
of male testers. It should be noted that the genetic contribution to
the error is somewhat differently allocated between this factorial
design and either the hierarchical or diallel designs and is some-
what smaller for the factorial than either of the others. However,
the difference is negligible if m is over 8 or 4 in any of the designs.
042 is the additive genetic variance in the second-stage materials.
Since no genetic recombination occurs between the two selection
stages, 042 will be less than ¢,2 by an amount proportional to the
initial heritability and initial selection intensity, both of which
tend to reduce the amount of genetic variation among the initially
selected trees. The reduction in o,.2 is tabulated by Finney (1956)
for various levels of initial ¢42 / 0,2 and initial selection intensity.

The advantage of this method lies in the gains which may be
achieved in the second stage for traits of low-mass selection
heritability but which can be tested to greatly improve the half-sib
heritability. The method is especially useful for traits such as early
growth, response to soil fertility or spacing, and some pathogen
resistances that may have very low heritability and may be weakly
correlated with other breeding values. Testing in controlled en-
vironments may then give substantial heritability since ors® may
be very much smaller than ¢;2 such that the only reasonable gain
possible may be in the second stage on those traits. Direct costs
and time costs of such testing, however, are substantial. In addi-
tion, the costs may inhibit the number of entries accepted into
the testing stage so severely that only a very small second-stage
selection differential can be afforded. Such a limitation would
clearly destroy the value of the testing, because gain is propor-
tional to the product of s and A2 Thus, only if the differences in
h? are large enough to offset the cost of the replicated testing can
the advantages of second-stage testing be utilized.

Since selections in the two stages are based on performance
data which would be correlated to the extent that genetic effects
control the phenotypes, it is clear that high heritabilities would
mean a high correlation in the performance data between stages
1 and 2. The correlation is increased even further since the stage 2
selection will be based on both initial and replicated-test perform-
ance. If the additional testing is needed because of initially low
h2, however, the data will be less well correlated and the additional
gain more significant. By examining a wide range of initial A?
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and post-test A2, it was found by minimization under constraints
that additional testing costs were offset only when initial 22 was
less than 3 percent (Namkoong 1970a). Using a linear program-
ming analysis, van Buijtenen and Saitta (1972) similarly found
that progeny testing can often be wasteful. When initial gains
appear difficult to make, more careful initial examination and
selection should generally be attempted first since even heritabil-
ities of 5 percent will usually be enough to make some gain more
quickly and cheaply than progeny testing.

There are some operational advantages to the progeny testing
which some breeding programs are using. For commercial seed
production, the parents can be culled or selectively mated as soon
as reliable data begin to indicate quality differences. Progeny test-
ing can give such data relatively early, and elaborate test designs
may not be necessary. Such advantages in the commercial value
of the seed can be applied in each generation, regardless of the
size of the breeding population. In addition, it is possible to begin
intercrossing among a wider sample of potential parents, as may
be present before progeny testing in an orchard, to generate
the breed population. Then, when progeny test data become avail-
able, crosses with the culled parents can be discarded from the
breeding program while intercrosses among the tested and selected
parents are saved. This step is costly and may reduce the progeny
population of the next generation which can be carried because
of the wasted efforts on crossing among culled parents. Without it,
however, the benefits of the progeny test cannot be incorporated
into the breeding population until after testing has identified the
proper parents, those parents have been intercrossed, and the
seedlings have matured. Such delays themselves are costly, and
unless the cost of extra crosses and seedlings is worthwhile or the
time interval for testing and producing a new generation is small,
the breeding population will develop at a faster rate without
progeny testing.

One other advantage of progeny testing may exist when selec-
tion is made for traits more readily observable or with higher
heritability in progeny than in older parents. Thus, traits like
rapid early growth may not be observable in older parents, and
hence selection in parents is only for a correlated trait, whereas
in juvenile progeny, the genetic variance itself is useful (Snyder
1969).

In future generations, both parental selection and progeny test
efficiencies are likely to increase. Initial heritabilities will be higher
since the material will usually be grown in better-known environ-
ments and more measurements will be accurately taken. Testing
will likely be easier and better done and at earlier ages, but some
traits cannot now be improved without detailed or complicated
tests. Some agencies will have other uses for the tests which may
be done quickly and cheaply enough to justify the large post-
progeny test selection differentials required to achieve reasonable
gains. There appears to be little difference in test estimation ef-
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ficiency among the mating designs used as long as the number
of crosses per entry and the seedlings per cross are reasonably
high.

A slightly different form of two-stage selection, using seedling
propagules instead of clonal regeneration of the initially selected
genotypes, has also been extensively used in tree breeding (God-
dard and Brown 1961 ; Wright 1964a; Stern and Hattemer 1964).
In these seedling seed-orchard methods, the initial selections may
not be easily propagated other than by seed, and it may be rela-
tively easy to induce early flowering on the seedlings such that seed
production from the seedling orchard is at least as good as from
any other materials. The seedlings from the initially selected
forest trees serve as their own test performance material.

The heritabilities and gains for initial selection are the same
as in any simple recurrent selection system except that the male
pollen may be unselected. If the initial selections are intercrossed,
then the full-mass-selection gain is achieved, but if open-pollinated
families are used, the gain is halved. Then crosses among selected
seedling family members instead of clones produce the commer-
cial seed.

In the second stage, which follows the initial selection, if many
unselected pollens or open-pollinated seeds are used in the orchard-
test plantation and then families are selected on the basis of
average family performance, gain must be computed from half-sib
family covariances, and the variance of the family means is:

o'wz + U'gw2 0',,2 U'GE2 Lg2
nre re e g

where m, the number of males, is assumed very large. The co-
variance numerator of the gain h2 between the commercial and test
material is simply the genetic variance among test units, which is
the covariance of half-sibs. The half-sib families are the units of
test and selection and are to be mated among similarly selected
families as in half-sib family selection. As noted by R. D. Burdon
(personal communication), the variance among these units is re-
duced by the initial selections in the same way as for clonal
selection. Hence, the second-stage gain or family selection is:
2
(s 04",
opr
where s, is limited by the number of families brought into the
family trial and by the number of different families allowed to
pass into the breeding populations.

Since the construction of families would also permit selection
among individual family members on the basis of their own per-
formance, an additional selection gain is possible in a form of
mass selection within families. If selection is made in this tandem
fashion—first families, then individuals within families—the gain
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in the last stage of individual selection is:

Y04’
(83) 2
or

where (s3) is the differential for selection among family members,
3/.04% is the genetic variance within half-sib families, and o;2 is
the variance of individuals within families. 042 should ordinarily
bezregenerated by matings and hence should be close to the original
Tg4°.

Alternatively, if the families entered the orchard as unrelated
full-sibs (or if a full-sib family selection was made), then the
variance among families would be 140,4.2 plus the dominance and
epistatic variances, while the useful variance within families
would be 140,42 plus the remaining nonadditive genetic variances.
Hence, the gain from alternative procedures will vary according
to the selection differentials and control of crossing exercised and
the relative sizes of the heritabilities. Using a single pollen source
would create excessive inbreeding in one generation, but it would
generate 1/0,2 among the full-sib families within the single half-
sib family, and 40,2 among the individuals within families.

If the operational advantages of secondary selection and propa-
gation do not dictate the choice of intermediate selection stages,
the advantage of the seedling seed-orchard test combinations is in
the additional selections that can be made not only among the
original families but also among individuals within families. By
simply using enough seedlings within each family, the last selec-
tion can have a large ss;, and while k2 is on an individual tree basis,
or2 may be somewhat reduced by the easier environmental control
and more detailed observations possible within experimental con-
ditions. While both the clonal and seedling seed orchards share
the common problem of having to balance s; and opr for maximum
gain, it seems that in individual selections, s; and ¢;2 can more
easily be balanced by reasonably large family sizes. It is also likely
for individuals to be selected on the basis of an index of informa-
tion on family as well as individual performance (Namkoong
1966b). In such cases, it is feasible to construct testing and breed-
ing replicate blocks that contain only one or very few family
members at sexual maturity. Then the combined individual and
family selections can be made and the expected gain approxi-
mated from the average s values per block, or by an s for the
index selection. The chances of rapid inbreeding are enhanced
by heavy family selection. However, if pollination is controlled and
potential inbreeding and spacing are not otherwise serious prob-
lems, the gain from individual within-family selection can be em-
phasized. It can be increased by having many trees per family,
and the A2 for that phase can be maximized by using many seed-
lings per plot if the plot error is high or many plots otherwise.

The method described therefore provides a two-generation se-
quence of selection in one step. Substantial quick gains can be
had if a large selection differential is generated (Namkoong and
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others 1966). Unlike for clonal seed orchards, optimal allocation
of selection intensities among stages yields relatively equal se-
lection proportions between the stages of selection for reasonable
costs. However, special handling and care are required to combine
the objectives of testing and eventual seed production, and more
time or cost is required to generate a completely new recurrent
selection generation than in other methods. The additional time is
required for crossing and establishing a seedling generation. An
alternative is to make crosses for the next generation earlier than
culling allows and hence to make unnecessary crosses which are
subsequently omitted from breeding. However, in addition to the
difficulties of establishing seedling seed orchards, the existence
of large genotype-by-environment interactions may require that
seed-production techniques be postponed until testing is finished.
If the interaction is large, poor families in the seed orchard may
be genotypes which should be picked for propagation. If the advan-
tages of substantial improvements in A% and the additional selec-
tion differentials in the seedling generation warrant it, however,
the method merits the work needed to overcome the experimental
problems of simultaneous testing and seed production. In particu-
lar, the use of clonal replicates of seedling entries could substan-
tially improve individual seedling selection heritabilities and make
gains on that basis very strong (Libby 1969).

The time and effort of progeny testing in either clonal or seedling
seed orchards can clearly be substantial, but with experience and
data on juvenile-mature correlations, it should be far easier to
handle in future generations. As the breeder develops the capacity
to evaluate more juvenile materials, the value of progeny testing
increases (Nanson 1967), and the main limitation is to induce
sexual reproduction in juvenile stages without mitigating the value
of the tests. Clearly, one means would be to have different clonal
replicates for testing and for reproduction to treat each ramet
appropriately for its purposes and to develop rapid testing and re-
productive cycles.

Similar forms of selection among families can be generated
from single pair matings instead of the half-sib forms of the
intercrossing outlined above (Libby 1969). After the initial selec-
tions, possibly at somewhat lower intensities, crosses are made
among them, and full-sib family identities maintained in test
crosses. Then several optional systems may be followed. The best
full-sibs can be identified, and the specific good combinations se-
lected for reproduction by repeated crossing of the same selected
parental pairs in special, limited combination orchards. The gain
due to additive genetic action is similar to that of the progeny-
tested clonal orchard if the s factors are equivalent, but a gain of :

g aon”

2
opr

due to dominance can be added. This gain, due to dominance, is not
cumulative if the next generation will be created through recur-
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rent selection of completely intercrossed trees, but it can be at
least partially cumulative if the parents are selfed or otherwise
regenerated and new selections are based on specific cross-test
performance (Namkoong and others 1966). Subsequent generation
gain can then be based only on the genetic variances generated
among individuals within parental lines.

Selecting within tlhe full-sib families for advanced generation
crossing provides the same advantages and problems as when the
families were generated as half-sibs, except that the family selec-
tion gain is on the basis of:

Voo ,®
DI
opr

while the within-family individual-tree selection gain is on the
basis of :

Voo 4®

Clearly, the benefit of this method over other methods of crossing
and selecting depends on the allocation of the selection intensities
and on the sizes of 042, opr2, and o2 (Squillace 1973). For example,
we can contrast selecting, say, 400 trees and making 200 pair
crosses of 1,000 seedlings each with making a partial diallel in
some partially blocked design such that 5 crosses per entry pro-
duce 200 seedlings per cross for the same number of seedlings.
Further, supposing that in the first case we pick the best 100
crosses (1:2) and the best single tree in each, and that ¢,2=1,
op2=20, op2=2, the additive genetic gain from the progeny test
stage is:

AGps=1tps (V&) 042/ oprtis (V5) 042/ or
=0.80 (0.5) /1.41+3.37 (0.5) /4.47
=0.283+0.377=0.66.

Also suppose for the second case that the best 100 entries were
picked (1:4) and the best full-sib (1:5) family was picked from
those, and the best individual from them chosen (1:200), and that

0'42:1, 0’1'2:20, aiT(HS) :2,

=3. Then the gain is:

2

pr(Fs)

AGDIAL:’L.HS. (Y4) 042/ aprensytirs (Y4) 042/ aprers)
+1u (1/2) 42/ ap

=1.27 (0.25) /1.41+1.40 (0.25) / 1.73
+2.89 (0.5) /4.47

=(0.22540.20240.323 =0.750.
However, if ¢,2=10 instead of 20, then AG;s=0.816 and AGpaL

=0.884. On the other hand, if we sclected down to a population of
50, then fOI‘ O'T2:10, AGFSZO-983 and AGDIAL:0-952- If the ha]f‘
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sib selections cause inbreeding, these reductions would make the
full-sib system more attractive (Squillace 1973). Inbreeding, how-
ever, is induced in the full-sib phases of both systems.

In mating patterns for either progeny test selection or breed-
population generation, partially balanced designs will often be
necessary (Snyder 1966). Thus, for diallels any of the partial and
blocked partial designs described for estimation of variance com-
ponents may be used. For selection among blocks, check entries
or overlapping blocked subsets can be easily installed. The reduc-
tion of error variance in testing among genotypic means by the
use of subblocks can be especially valuable in forestry. However,
if a choice exists between using varietal checks to allow for inter-
block selection and increasing the selection differential by allowing
more entries in the test, greater expected gains will generally fa-
vor the inclusion of more entries.

The various forms of recurrent selection for general combining
ability, or in the one special case of full-sib selection for specific
combining ability, are reviewed by Namkoong and others (1966).
They find that operational and time costs can significantly affect
the choice of breeding method, because the forms dictate different
lengths of breeding cycles and the gains due to various selection
stages occur at different times. Fairly complicated considerations
of the relationship between the selection intensity and its effect
on the numbers of entries, and hence on A2, also make it difficult
to generate any general statements on choice of method. van
Buijtenen and Saitta (1972) concluded for their conditions that
heavy progeny testing can be justified only if its primary use is
for developing advanced breeding generations.

When it is possible to produce clones instead of seeds for com-
mercial reforestation, additional gains can be achieved from non-
additive genetic variations though these gains are not generally
cumulative. The basic breeding population is expected to develop
mainly from recurrent selections and general crossing among all
selected parents. Only for specific, short-run breeding programs
would groups, families, or individual lines be inbred to cumula-
tively utilize nonadditive gene actions. However, even when a
breeding population is improved by simple recurrent selection
system, specific clones can be picked and their peculiar gene com-
binations used within each generation even though that gene
combination may be superseded in the developing breed. Thus,
for example, the breeder may use the above diallel-crossing pro-
cedure and can expect to accumulate gain in the breeding popula-
tion as computed above. However, in each generation additional
gain can be achieved by selecting for improvements due to the
nonadditive genetic variance among the selection units. While the
selection intensities and the phenotypic variance denominators
would remain the same, the genetic variance in the numerator
would be increased. In half-sib family selection, the additive-by-
additive epistasis and other higher order epistatic variances would
be added. In full-sib family selection, 14 of the dominance and
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additive-by-additive epistasis, 13 of the additive-by-dominance
epistasis, 14 of the dominance-by-dominance epistasis, etc.,
would be added. Finally, in individual-within-family selection, 34,
of the dominance and all remaining epistatic variances within
full-sib families would be added. If the nonadditive genetic vari-
ances are substantial, the one-generation gains can also be sub-
stantial. Gains in future generations would also be substantial
but would have to start on the basis of the cumulative gain
achieved in the basic reference breeding population.

MATING PATTERNS

Regardless of the method for selecting parents for the next
generation and for any progeny testing, the parents may be fur-
ther used in two distinet ways. The commercial product may be
generated from a subset of those parents, all of them, or a wider
sample of genotypes than will be retained in the breeding popu-
lation. On the one hand, a single pair may be chosen to produce
all of the commercial seed desired while a separate population is
bred by intercrossing among many trees for future selections and
breeding. On the other hand, it may be difficult to obtain the seed
required even from all of the selected parents, and hence the com-
mercial seed-production orchards may include trees which would
have been culled for breeding purposes.

We distinguish between the seed-production and breeding-
production operation, but they may sometimes be the same, as in
mass selection. In general, however, seed production can be sep-
arated, and such separation is generally desirable if the seed
product is noninbred while the breeding population may be inbred.
Hence, actual commercial production, such as with single full-sib
families or with clonal collections in “synthetic multiclonal hybrid
varieties” (Schreiner 1968), is considered as an alternative only
in its selection and breeding phases and not in production phases
of the material released for commercial propagation.

Since crossing can usually be done immediately before com-
mercial seed production, the only limitations on making many
crosses to generate a breeding population are the costs in time and
effort. The sizes, times, and designs of these crosses are critical
for breeding advance. Estimation experiments and test-cross de-
signs may be required to yield data as early as possible. Factorial
and diallel designs may be adequate for estimation, and little
distinction can be made among them for testing purposes.

Designs must be examined, however, for their efficiency in
developing a breeding population from some sets of parents. The
major criteria are maintaining large, effective population sizes
and achieving rapid selection advance in the base populations.
Many breeders will want to combine at least some of their estima-
tion and test designs with breed-population production and some-
times also with their seed-production operation. At this time, we
shall consider crossing designs only for purposes of generating
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advanced breeding populations and shall generally assume that
some limitations on time and effort exist.

The easiest operation, of course, would be akin to a mass or
simple recurrent selection system in which only the selected par-
ents are allowed to randomly mate, all seed is used commercially,
and the entire production of seedlings then forms the next popu-
lation for a new generation of selection. However, while the
method is easy, some crosses will be very heavily represented in
the subsequent generation, while others may be absent. Not only
will the expected level of inbreeding increase with increasing
departures from uniform representation, but stochastic variations
among trials may be large enough to create unacceptable risks
that a particular breeding population will either lose favorable
alleles, suffer excessive inbreeding depression, or both. Since any
recurrent selection program will eventually accumulate high in-
breeding, outside sources of genotypic variants may have to be
periodically infused. In some systems, materials from outside
ancestry are expected to be continually available and can be tested
against the breed population. The best of the new introductions
can be used with profit if some of the population proves less
valuable than the new (Burrows 1967). Introducing new ma-
terials would entail some loss in gain of favorably fixed or other
high-frequency loci, and this loss can be considerable as genera-
tions advance. As the mean is cumulatively improved and more
forests are established from the select breed, it becomes less likely
that such materials will be found useful. Therefore, in plans for
developing the main breed, many generations should be selec-
tively advanced without such recourse. Other techniques, such as
replicating breeding populations, should be used to postpone the
crisis. Therefore, controlled crossing programs can be useful if
plans are made to incorporate all useful alleles in the base breed-
ing population and effective population sizes are kept large enough
that they may be expected to advance,

In simple recurrent selection systems, all selected genotypes
are completely intercrossed, and the seed is composited for the
next generation. That generation is later reduced by selection to
about the same number of parents as previously chosen for a new
generation of intercrossing. However, through controlled inter-
crossing and compositing, ancestral controls can be imposed.
Various degrees of control are possible. At one extreme, bulking
pollen from all male genotypes and bulking all seeds are almost
like mass selection. At the other extreme are keeping female
parent identities on seed lots and making identifiable crosses with
specific males. Since such care is more expensive, fewer indi-
viduals may be available for selection and hence the selection
differential may be reduced. Within these limitations, various
forms of complete crossing and seedling identification have been
proposed which are short of complete intercrossing and complete
control.
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With completely controlled crossing and seedling identification,
pairwise mating systems which allow some inbreeding but less
than random pairwise matings have also been proposed. Regular
mating systems which can be continuously followed in the whole
population and repeated every generation offer some insights into
how relatedness and inbreeding develop. In such regular systems
as have been studied, selections are generally assumed to have
been made within families, and the number of selected parents
remains constant over generations. Thus, the selection differential
is governed by the number of seedlings generated per cross, and
family information is not used in selection except for ancestral
control.

We can thus examine a variety of mating systems according to
the manner in which ancestral control is completely, partially, or
not at all maintained. Among the systems with complete control
of mating and coancestry, differences exist in the numbers of
families generated from each selected parent of the breeding
population. The fewer the crosses or families made per parent,
the less chance for family selection, but, presumably, the greater
the number of individuals to select from within each family.

RECURRENT MATING SYSTEMS WITHOUT
FAMILY SELECTION

Complete avoidance of inbreeding by mating only single pairs
from unrelated lines has been recommended at least as a tem-
porary measure for forest trees. If complete control is main-
tained, however, this system requires that the selected population
shrink by at least half in each generation or that it be mated in
carefully controlled patterns.

Thus, forgoing any interfamily selections, the proposed matings
would be:

GENERATION

oI

Family selection at any stage would, of course, more rapidly lead
to the final necessity of crossing among individuals of a single
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full-sib family. A replicate population from the same original
parents would permit cousin matings at lower inbreeding levels,
which are discussed below.

Replicate populations, however, do not add to the number of
generations which may be developed from a given set of genotypes
without any inbreeding. Such systems contain no early inbreeding
but greatly increase the common coancestry of breeding popula-
tion genotypes and lead to the accumulation of very small in-
breeding for a few generations, followed by large increases in
inbreeding (F) when avoidance is no longer possible. Thus, ex-
treme early avoidance of inbreeding with an initial population of
n individuals can be followed without inbreeding for k generations
if n=2% but must thereafter involve high F. Therefore, such
extreme systems may be followed to temporarily maintain a given
low level of inbreeding but, in recurrent systems, may lead to
higher inbreeding in the longer run (Cockerham 1970).

Such early avoidance systems can be designed to permit only
mating of distant cousins after matings of unrelated pairs are
impossible. Such systems rapidly build up the average coancestry
among trees while avoiding inbreeding.! However, they do ac-
cumulate coancestry more rapidly and for small parental popula-
tion sizes (around 8) do have higher inbreeding than random
pairs after 24 generations.

On the other hand, a regular system of circular half-sib
matings, as described by Kimura and Crow (1963), maintains
the same number of families in each generation if no family
selection is permitted but will immediately lead to higher inbreed-
ing but a slower increase in coancestry. Therefore, the high initial
inbreeding is thereafter accumulated more slowly, and with N=4,
the inbreeding becomes less than the cousin system of mating by
the 15th generation at F=0.68. With N=8, however, it takes
until the 35th generation (F=0.7) and with N=16, the 95th
generation (F'=0.78). Thus, the relationship between early avoid-
ance and eventual inbreeding is clearly an inverse one, but one
which takes many generations for the lower rates of increase of
the coancestries to overcome the initial levels of inbreeding, and
this only occurs at quite high F' values. Thus, early avoidance,
cousin systems of matings may be quite feasible in forestry.
However, regular systems may be required to assure that the
pairings are made each generation in the desired patterns and
that all families contribute equally to the new generation. For
example, in the following diagrams of eight parents per genera-
tion with one of several hundred individuals from each mating
selected, the cousin systems eliminate inbreeding entirely until
the fourth generation, whereas the circular half-sib system initi-
ates inbreeding in the third generation:

! Cockerham, C. C. 1969. Notes on quantitative genetics. Unpublished
lecture notes, Sect. 5. N.C. State Univ., Raleigh, 29 p.



92

COUSIN SYSTEM
GENERATION 0 A B

IDd B DA
e ] B e
e —————n

IV |— any —

SHIFTING COUSIN
GENERATION O A B cC D E F G H

1 NS ST
T [
g Em—==—s-Su

IV | —ANY —

HALF-SIB CIRCULAR
GENERATION O A B c D E F G H

For any regular systems of inbreeding in which linear recursion
relations can be established for coefficients of inbreeding or rela-
tionships, asymptotic results can be easily determined by an
analysis of the roots of the recursion equation matrix (Crow and
Kimura 1970), as shown in chapter 9, for mating frequency
recursion equations. Inbreeding coefficients for general patterns,
however, may be computed by machine (Cruden 1949).

Other patterns of pairwise mating can be formed by grouping
subsets of parents in less rigid hierarchies and mating among
groups when within-group inbreeding exceeds predetermined
levels. Patterns such as proposed by Aalders (1966) have some
merit in compromising between complete avoidance of inbreeding
and minimizing coancestry, and they may be easily handled in
field operations. However, for current tree breeding with large
population sizes, an early avoidance system may be most practical.
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In the early stages of breeding, new genotypes can be infused
into the populations without much loss in value. Early avoidance
systems can give very low inbreeding for at least a dozen genera-
tions. For example, a system can be designed to completely avoid
early inbreeding with separate replicates of full-sibs in the initial
generations. Distant cousin relationships are formed among trees
in the replicate sets. When the inbreeding potential within sets
becomes excessive, crossing of sets will cause little inbreeding
immediately but more rapid increments thereafter. It is then
always possible to change mating patterns, but the effect of
sequences of patterns may not be advantageous.

RECURRENT MATING SYSTEMS WITH
FAMILY SELECTION

Mating and coancestry patterns become far more complicated
when multiple crosses are made among the parents selected to
regenerate the breeding population. In early generations, family
selection is liable to be high as major genes are sorted out and
inexperience with useful selection takes its toll. Family selection
may also be popular for intensive, short-run breeding. However,
the benefits of selection among families must be balanced against
the cost of making many families that are not selected. The cost
must also include any loss in the within-family selection intensity,
which is reduced if limited land and funds are spent on creating
many families. The latter loss may not be too debilitating since
neither selection intensity nor additional experimental cost is
linearly proportional to numbers of families. But a solution that
optimizes gain by balancing selection among and within families
is desirable. As previously shown for seedling seed orchards or for
breeding populations, the balance depends on heritabilities and
selection differentials. We can affect the family selection differ-
entials by creating more or less different kinds of families.

The breeder’s options for multiple crossing among the par-
ents of the developing breed extend from single pair matings
and their reciprocal full-sibs to a full diallel of all possible
n(n-1)

crosses and reciprocal full-sibs plus selfs. Crossing pat-

terns that lead to immediate and extensive inbreeding should be
avoided. It is clearly better to choose patterns that reduce early
inbreeding.

As pointed out by Libby (1969), the hierarchal mating design
that may be useful for other purposes holds no particular ad-
vantage over single pair matings for breeding population de-
velopment, even if inbreeding problems are ignored. Other crossing
patterns such as partial, disconnected, or disconnected partial
diallels, on the other hand, make possible alternate sets of pair-
wise matings. The breeder can select among sets to take advantage
of variations, both within and among families. In such recurrent
selection systems, which develop breeds on the basis of their
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intrapopulation general combining ability, little advantage can
be taken of dominance genetic effects expressed in specific com-
bining abilities, but selection for additive gene effects can be
effective. Where multiple crosses are made, full- and half-sib
families can be formed in early generations, and more complex
cousin groups can be formed in advanced generations. Some
original families may be disproportionately represented in suc-
ceeding generations if selection of individuals is based on family
and individual performances. Crossing patterns that include some
inbreeding may be the result. There is no need to produce exactly
the same numbers of families as parents, but fewer families than
parents rapidly lead to high coancestries. Any such mixed pat-
terns require the careful tracing of coancestries to minimize
inbreeding and the concomitant loss of genetic variance. If co-
ancestry records are maintained, high levels of inbreeding in the
breed population can be reduced for commercial seed production
by crossing unrelated trees in seed orchards. In addition, the seed
production crosses may be designed to utilize nonadditive and
otherwise noncumulative gene effects in specific crosses. Partially
controlled blocked diallels (Braaten 1965) or blocked factorials
(Burdon and Shelbourne 1971) offer many more variations on
partially subdivided mating patterns. However, the effective popu-
lation should not be inadvertently reduced below the desired size
by blocking of mating sets in a way that induces positive assorta-
tive mating. If controlled crossing systems are feasible for breed-
ing populations and identification of parental sources can be
maintained in commercial seed production, the selection differ-
ential for within-family selection is maximized by using all seed
orchard products in selecting the next generation. When carefully
controlled sites are required for accurate selection and controlled
crossing with identification is not possible, it is impractical to
reselect from the entire population. If costs of such special planta-
tions are low enough and evaluations and seed production can be
early enough, seedling seed orchards may have considerable ad-
vantages. However, any of the selection-breeding methods can be
iteratively applied, and subdivision of the breeding population into
breeding units greatly increases the possible variations in crossing
patterns.

For breeding populations, control of coancestry is required
even though we have very meager knowledge of the effects of
inbreeding on both inbreeding depression and loss of genetic vari-
ance in selected tree populations. Indications thus far favor
minimal inbreeding. In general, since breeding generations are
so long and breeders and organizations in forestry do change, it is
likely to be even more important for future generations that large
populations and strict coancestry control be maintained (Nam-
koong 1971). It may sometimes be possible to breed with small
numbers of parents and to tolerate high levels of inbreeding in
some rapid selection and breeding systems. Methods to achieve
quick gains with small numbers, such as 5 to 10 clone orchards



95

with mass or single recurrent selection, may represent viable
short-term alternatives, and require experimental testing.

PARTIALLY CONTROLLED MATING SYSTEMS

Operational problems or costs may sometimes prevent a breeder
from maintaining the identity of all parent ancestries. The costs
of maintaining identities in field plots after controlled crosses
can be large. In addition, early selection and early seed produc-
tion can be forced, then the relative costs in time, effort, and
selection differential of making such crosses can be high. How-
ever, the benefits of maintaining identities, or conversely, the risk
of loss in variation and inbreeding depression through unper-
ceived inbreeding, may well justify thorough identification. If
partially controlled breeding programs can partially control such
losses, then an optimum intermediate level of control may exist.

Most analyses of breeding systems are based on average levels
of inbreeding or coancestry, and the results assume a linear
relationship with cost or loss of value. While the relationship
between mean inbreeding and loss due to dominance gene effects
may be linear, a more meaningful loss function might relate
variables in breeding method to risk of achieving homozygosity.

While two methods may be similar in average inbreeding (F) or

expected heterozygosity (1-F'), one may generate homozygosity
levels with less variation than another and hence may be judged
to be a better method if the risk of high homozygosity is costly.
Risk analysis is especially important if breeders cannot fully
identify parents. Whether or not identification can be maintained,
optimizing selection at the level of inbreeding that can be tolerated
to achieve selection gain or the functional relationship between
the two requires far more information than is now available on
inbreeding effects. The critical need is for data on performance
at F values below 0.25 (Burrows 1970).

When it is possible to identify at least seed parentage, then it
may also be possible to partially control male parentage by using
different sets of males for mass pollination each year. Then,
identification of seeds by years would identify male sets, at least,
and hence probabilities of parentage would be more closely de-
termined. Alternatively, subsets of factorial mating designs could
be segregated in which the male entries for each subset are pooled
into pollen mixes specific for each subset of females. Variations
on this polycross system are described by Burdon and Shelbourne
(1971), wherein subsets are completely separated and no geno-
types occur in two sets, or where genotypes may overlap among
subsets with some males or females present in two or more sub-
sets. Such designs can be varied according to the availability of
pollen and female flowers. In these systems, as in controlled
crossing, the dangers of rapidly reducing the effective population
size by assortative mating should be recognized. While exact re-
lationships are not known, the probabilities of selecting closely
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related individuals in subsequent generations are increased by
selecting among subsets and hence reducing the base population
for further breed development.

When complete records are not feasible, it is profitable to at
least identify the seed (¢ ) parentage of field stands. The cost
of such records is minimal. Only nursery and seedling lot need be
identified, and sets of females can be confounded with location
and year of planting. The problem in analyzing the alternate
systems for their cost-benefit functions again lies in determining
the loss function at the expected levels of inbreeding. Since varia-
tion in homozygosity level is likely to be much higher than where
identity is controlled, risk analysis may be a more valuable com-
putation of expected loss.

It is instructive to regard average inbreeding level generated
by selection among open-pollinated families as a key criterion.
Even with open pollination and up to 1 family selection, Burrows
(1970) finds that average inbreeding in the third generation still
lies between 4 and 12 percent in a Eucalyptus seedling seed
orchard. Empirical studies are needed on selection methods to
determine if this method, simple mass selection, or any other
systems can function as expected and with what variation among
replicate trials.

It should be remembered that in a seed-production orchard,
replacement of clones with advanced generation materials is a
continuing operation. New seed-production ramets replace old
ones as the benefits of replacement become clear. Some genotypes
may remain in the orchard for several generations, because they
continue to rank high genetically. Others are replaced as newer
material proves better. In this situation, inbreeding must be
controlled, because both parents and their offspring may be
present. Testing and replacement can be programmed to gradually
change the composition of genotypes making up the breed, and
testing should include samples of generations other than the
current one.

All the above programs use selection among individual trees
within families to some extent. Since selection is most accurate
among contiguous trees, the allocation of trees within plots and
among plots, replicate blocks, or stands should heavily favor trees
within plots. To the extent that family selection will be important,
however, site replication will be important and may cause some
reduction in the optimum number of trees per plot.

HYBRID BREEDING SYSTEMS

The foregoing discussion has been concerned with methods of
improving purebred or recurrent-selection populations developed
for general combining ability and using the cumulative effects of
additive gene actions in single populations. While some methods
discussed above may temporarily use any discovered specific com-
bining abilities, they do not cumulatively develop lines or popula-
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tions for crossing to obtain specific combining ability effects.
For naturally cross-pollinated plants, however, inbreeding is
aberrant, and debilities of inbreds may recur for many genera-
tions. Many lethals and sublethals found under intensive inbreed-
ing destroy lines despite vigorous efforts to save them. Those lines
or populations that do survive, do so with less vigor and size than
the normally outcrossed varieties. All methods for developing
single populations eventually increase inbreeding and coancestry ;
the methods discussed only affect the rate of inbreeding. In con-
trast, hybrid systems develop at least two lines or populations for
crossing. These systems use the phenomenon of heterosis, which
is often viewed as the direct opposite of inbreeding depression.
Outcrossing restores vigor and reproductive fitness, and inter-
varietal and even interspecies crosses often exceed the develop-
ment of both the midparent and the highest parent. If the gene
action that produces the greater value of the hybrid is not
heterosis or if heterozygosity is not necessary, then hybrid su-
periority may be due to additive gene actions on a combination
of traits. In that case, it is usually far simpler to create a single
base population of F; crosses and to improve that population as
any other single population breed for the combined traits. Only
if heterosis is useful, will it be generally advisable to enter hybrid
programs.

Limits to cross compatibility are often wide enough to allow
distant evolutionary relations to cross. Stephens (1961) has classi-
fied hybrid breeding programs according to the extent to which
incompatibilities restrict the segregation of new genotypes. Within
species, genetic divergence also may generate a quadratic re-
sponse in vigor as more and more divergent sources are crossed.
In corn, for example, heterosis is measured by the excess of the
hybrid over the median parent or the F.. In one study, heterosis
rose as the varieties which were crossed increased in diversity
of their origin up to a peak and declined as the diversity of origin
apparently exceeded an optimal level (Moll and others 1962,
1965). Thus, at the varietal level of biological organization, varia-
tions in heterotic response may be a predictable quadratic re-
sponse function of diversity. However, it is also possible for
dominance levels among alleles within populations to be maxi-
mized by natural selection, and to diminish as more foreign alleles
are paired.

At the species level of diversity, less distinct patterns of
heterotic responses are visible, even in tree species in which con-
siderable amounts of natural species crossing occurs. Information
is confounded because species relationships are constructed partly
on the basis of crossability, but there seems to be no strongly
defined hierarchy of chromosomal or other incompatibilities
(Wright 1962). Species that cross seem to do so without differ-
ences with respect to origin of parents. However, heritable dif-
ferences in morphological traits exist and may sometimes show
heterosis.



98

Selection for hybrid performance can mean selecting among
inbreds for inbred-cross performance, among varieties for varietal
hybrid performance, or among species combinations and sources
within species for specific tree-by-tree crosses. Different degrees
of inbreeding with respect to the outcrossing product are there-
fore tolerated to achieve the relatively outcrossed product, and
variations among hybrid breeding methods exist in the purity or
allelic homogeneity of the parental populations.

In general, selection units will vary within at least one of the
parental populations, and selection is based on tested performance
as potential parents of hybrids. Further genetic recombinations
are created within the selected parental populations by some
breeding method and a new cycle of selection for cross per-
formance is instigated. Thus, cumulatively better hybrids are de-
veloped from base breeding populations selected to regenerate
variations in hybrid performance. Hybrid systems resemble those
for developing populations with high general combining ability
in the sequence of developing genetically variable populations and
reselecting parents for iterated cycles of improvement. Hybrid
systems require designs for testing, selection, and intrapopulation
mating to generate the parental population.

In hybrid breeding, production and testing seed are distinct
from breed population development. Commercial seed production
can similarly come from a subset of either or both parental popu-
lations, or a large set of parents if seed demand exceeds produc-
tion capacity from selected parents. As for purebreds, the sex
with larger gametic production will tend to have fewer parental
entries in the commerecial seed, but for hybrids a choice exists as
to which population serves as male or female. While some mixture
of sexual role is generally expected, optimum sexual functioning
may require that the population be treated to maximize gametic
production of the less prolific sex. Progeny testing with all of its
attendant costs is always required, but with reasonable efforts
towards juvenile testing and early reproduction, the costs can be
mitigated as for the recurrent selection programs previously out-
lined.

Among the various ways to make the test crosses and to carry
cross identifications into long-term field plots, the individual tree
crosses are most expensive, but they afford greatest possibilities
for selecting specific crosses and developing specific combining
abilities among crossed parents. Any of the mating designs may
be used for any level of hybridization, and since testing is distinct
from breed population development, factorials or blocked fac-
torials would not carry the inbreeding problems they do for the
single-population recurrent selection programs. Specific crossing
combinations may then be identified for use in special seed
orchards, but unless those lines are identified and inbred for fu-
ture selection for specific combining ability, that gain is not
cumulative. The cumulative gain is therefore generally based on
the cross-general combining ability among generally cross-
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compatible populations. Specific combinations of cross parents
may be developed in separate subpopulations, requiring that
within the alternate populations specific line or subsets be de-
veloped which cumulatively cross well with their opposite numbers
in the other population. These will not be followed in this dis-
cussion, though they represent a viable, short-run alternative in
hybrid breeding.

After testing and selection, parental populations in hybrid
programs must be further developed through a stage of recom-
bination within the source populations. Thus, some degree of
inbreeding will be present in the hybrid seed product when an
established variety or seed source exists and cannot be improved,
only the new population requires the selection and recombination
phases. Since in forestry this is expected to rarely be the case, the
following discussion will generally refer to improvement of both
populations. If single crosses within an adapted variety are the
products, then lines of inbred (for example, selfed) parents would
be developed and retested for the next generation, and subsequent
selection would be based on lines and individual within lines. If
varieties or species are hybridized for the seed product, then each
selected population would be intercrossed within themselves to
regenerate allelic combinations for advanced generation hybrid
development. If a general cross-performance is desired, inter-
crosses among the selected parents within the population are
necessary. If specific single crosses between individual trees in
the alternate populations are desired, a greater degree of inbreed-
ing within lines within populations is required.

Inbreeding is useful in a breeding program for a cross-pollinated
species only if the hybrid product is better or more uniform or
otherwise more easily controlled than what could be developed by
normal outcrossing procedures. If the development of pure lines
is feasible, then hybrids may still be sought to improve traits
affected by dominance or overdominance types of gene action.

HYBRIDS OF INBRED LINES

Selection of inbreds for crossbred performance requires either
direct testing in hybrid combinations or a high correlation between
inbred and hybrid performances. This correlation can be highly
variable (Allard 1960; Allard and others 1966), and even though
it may take a long time, direct testing is likely to be best. Special
care of inbreds and the possibilities of doubling monoploids may
rapidly create relatively homozygous lines for selection in a few
years (Stettler and others 1970; Orr-Ewing 1965). In that event,
simple selection among lines will be feasible to produce standard
inbreds for hybrid seed production. Selection on inbred perform-
ance may take the form of mass selection in which the indi-
vidual’s own performance is the basis for selection, or, as in
most plants, it may more often take the form of selection on
family performance, including sibs as well as parents. Early
generation selection for inbred performance in later generations
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of crosses, however, is difficult and may take too long to be prac-
tical in forestry. Only if crosses can be developed each generation
as the inbreds become more selectively homozygous, will long-term
inbred development be worthwhile.

Testing the developing inbred lines in all combinations is
clearly the most desirable way to select among lines for the best
crossers or for the best single-cross combinations. Costs and other
physical limitations, however, generally preclude such complete
testing. Hence, something less than complete testing but more
than selection on individual performance alone is attempted with
other crops than trees. Topcrossing has served as both a testing
procedure as well as a form of hybrid seed production in which
the inbreds are crossed to a mixed source as the alternate parent.
The topcross tester may be other standard inbreds, a standard
heterogeneous variety, or any stable mixture of other materials
which gives a mixed genotypic source against which the inbred’s
hybrid performance can be observed. In corn breeding, the tester
has generally been a standard variety, but any set of lines can
be used in testing as well as for seed production. If generation
and testing times are short, topcrossing may also be used in
preliminary screening for general combining ability of crosses to
reduce the number of single crosses for testing and to develop the
best single-cross combinations. In forestry, some argument can
be made for local or traditional seed sources or identified clonal
sets as being useful as a stable, standard variety, or at least as
the population to develop in the single-population breeding pro-
gram. In most cases, however, considerable room for improving
even these “varieties” exists, and a dual improvement program
will be most appropriate.

Single crosses in advanced generations of inbreeding may not
be sufficiently viable for seed production, or they may not contain
all of the traits desired for commercial seed production. Triple
and double crosses may then be feasible for development through
additional testing, but development time may be too costly to
support such procedures. If trees can be vegetatively propagated,
it would seem better to develop lines for single crosses and to
expand the number of fruiting branches by such propagation
methods as cloning reproductive tips.

HYBRIDS OF POPULATION

Recurrent selection for specific combining ability is an alterna-
tive to pure-line development for hybrid performance that is
similar to developing recurrent selection populations. In this
case, instead of using a heterogeneous set of testers to select for
general combining ability, a particular line or stock is used and
the genotypes are selected for cross-performance. The best trees
are then completely intercrossed, and the new population is again
reduced to a set of selected parents according to test-cross results
with the same tester stock. This method thus develops a popula-
tion that complements a specific tester stock. That stock would
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have to be well defined, continuously available, and useful in seed
production as well as testing. Otherwise, direct recurrent selection
for general combining ability would be easier and just as effective.

Gains from selection for specific combining ability depend on
differences in hybrid gene effects being accumulated in the paren-
tal populations (Cress 1966b). For most forest tree species which
have not developed standard varieties of any purity, a reasonable
approach to developing high specific combining ability in crosses
would be the mutual development of complementary populations
such as by reciprocal recurrent selection. The operations involved
in this selection system are identical with recurrent selection for
specific combining ability, but instead of using a standard tester
stock, the pairs of developing populations are used as reciprocal
testers, both of which are mutually improved. This method has
become the standard for many cross-pollinated crop plants against
which other methods are compared.

Theoretical comparisons of methods for hybrid population
development methods are difficult to derive, because the specific
kinds of dominance effects required to make hybrid breeding
advantageous depend upon gene frequency locus and distribution
(Cress 1966a). Therefore, while genetic variances, effects on
covariances of relatives, and selection advances within generations
can be derived (Stuber and Cockerham 1966), the gene fre-
quencies will presumably be diverging in subsequent generations,
relative inbreeding within parental population will become
stronger, and translation of gene effects and variances between
generations will be less well defined. In fact, in the F, special
dominance effects exist which may not be seen in the F,, and varia-
tions will appear in the F, which were hidden by dominance gene
actions in the F,. Nevertheless, empirical studies on the efficacy of
reciprocal recurrent selection indicate its value when dominance
gene actions are important. Theoretically, the method should be
able to utilize any within-population general combining ability
not masked by hybrid effects, as well as the interpopulation spe-
cific combining ability between the complementary sets (Kojima
and Kelleher 1963a).

In an actual breeding experiment contrasting reciprocal recur-
rent selection (RRS) with single-population development, Moll
and Stuber (1971) found in corn that for roughly comparable
selection differentials RRS can utilize both general and specific
combining abilities. The hybrid product of RRS was slightly
better than the best population bred by full-sib family selection
in a recurrent selection system. It was also much better than the
hybrid between the parental populations which had been bred for
general combining ability. Another population was developed by
ordinary full-sib family selection but from an initial population
which was composed of F'; of the original parental varieties. This
selected population performed at about the average level of the
two full-sib family selection populations carried within each
parental variety, and not as well as the RRS hybrids. Nevertheless,
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full-sib family selection within each parental line was moderately
effective and utilized general combining ability variations in the
original parental populations. Instead of using the original paren-
tal varieties, the parents developed for RRS were also used to try
full-sib family selection from each parental variety. RRS dis-
played a greater development of heterosis in the hybrids and
created a better hybrid population than the recurrent selections
within the parental or hybrid variety. However, RRS was not as
effective in improving the intravarietal performance as was full-
sib selection. Moll and Stuber (1971) also found for their constant
and moderate selection intensities that the gains by all breeding
methods were reasonably constant and hence may be predicted
for at least six selection cycles from first-generation results.

In such hybrid breeding programs, as in all breeding programs
in forestry, immediate gains in commercial seed are required
because development of trees through multiple generations often
requires more time than can be justified. Therefore, intermediate
products are always required, and, as suggested by Cress (1967)
for other crops, production of synthetic varieties in the inter-
mediate generations of RRS population development is desirable.
Such synthetic varieties may be composed of entirely different
genotypes for each generation, or may include some particularly
good genotypes for several generations, until better ones are
developed. Regardless of the origin of the parental genotypes, or
their homozygosity, commercial seed-production orchards can be
composed of a subset of entries with especially good specific
combining abilities among crossed parents. Seed requirements
would determine whether fewer or more parental combinations
are included in the seed-production phase than in the breed-
production populations. In many tree species, it is possible to
vegetatively propagate a set of especially good clones instead
of using sexual reproduction. Thus, intermediate stages of
Schreiner’s (1966) “synthetic multiclonal hybrid varieties” may
also be produced.

The development of hybrid breeds is clearly dependent on the
importance of dominance types of gene actions, which are not
easy to estimate in the generally heterozygous populations of
cross-pollinated species. Moll and Robinson (1967) clearly show
that initial estimates of dominance levels can be substantially
affected by linkage, and that favorable epistatic combinations of
alleles can be lost during breeding and mating (Gardner and
Lonnquist 1959). Also, dominance levels among alleles within
populations may exceed those between populations. Therefore,
hybrid breeding programs developed on the basis of initial esti-
mates of high dominance effects may not be as beneficial as
expected. In a comprehensive review of plant breeding in the
United States, Sprague (1966) examined the famous hybrid-corn
breeding programs of the past and concluded that, strictly from
the viewpoint of genetic progress obtainable, selection programs
based on developing general combining ability within single popu-
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lations could have been at least as good. Furthermore, since the
existence of heterosis does not by itself justify a hybridization
program (Stuber 1970), we should not assume that the success
which corn hybridization has achieved can be applied to other
species.

Hybridization has played an impressive role in many tree breed-
ing programs and will continue to do so in many cases (Wright
1964b). Most such programs were developed to combine traits of
different but related species; goals included combining acceptable
growth rates with acceptable resistance to a disease or insect, or
performance in a particularly harsh environment (van Buijtenen
1970). Many examples of species hybrids created for those pur-
poses exist, but few programs have sought cumulative improve-
ment of the hybrid populations. The creation of a base hybrid
population through single-population recurrent selection, as
outlined by Stuber (1970), is potentially valuable. Throughout
Europe, extensive plans exist to introduce special traits into
species through species and varietal hybridization. The species
chosen are generally good and may be further bred to produce
base populations for recurrent selection, reciprocal recurrent
selection, or single-cross types of programs (Nilsson and Anders-
son 1970). Among the early programs designed to create a hybrid
base population for future recurrent selection were those on the
Pinus radiata X P. attenuata hybrids (Righter 1960). More
recently, Conkle (1970) suggested that reciprocal recurrent selec-
tion can be profitably applied to those two species as the parental
populations. The extensive development of Pinus rigida X P. taeda
hybrids in Korea has also recently led to the development of
reciprocal recurrent selection plans in addition to a continu-
ing program of selection within the hybrid base population
(Hyun 1971).

In all these cases, population development still requires that
the one or several parental-source populations be large enough
to avoid the loss of favorable alleles. The problems of recurrent
selection for general combining ability and the strictures on
maintaining large population sizes are as important in hybrid
as in single-population programs. The limitations on crossing
patterns within parental populations and the requirements for
large family sizes and numbers of families are the same as for
single-population recurrent selection, as are the limitations placed
on the selection differential by the requirements of replicated
testing. In fact, these problems are even more acute with hybrid
breeding programs since both parental populations will often
require separate development and testing, and hence some reduc-
tion in capacity to replicate tests. If a minimum of 50 to 100
genotypes is deemed necessary in single-population breeding to
maintain genetic variation without significant loss of selection
intensity and to preserve genetic variations in traits not presently
under breeding pressure, then approximately the same number
would have to be maintained in each of the parental populations



104

for hybrid breeding. An adequate test size, including numbers of
trees per plot and crosses per parent, would then require about
double the effort of single-population development plus testing
time. The only relief found in hybrid programs is that inbreeding
depression of intrapopulation crosses does not reduce gain in the
seed products.

The possibilities of replicating populations for parallel breeding
programs are the same for hybrid as for single-population breed-
ing. The same advantages of safety exist, since each breeding unit
can be developed for several generations before the parental
populations begin to deplete their genetic variations, and the
possibilities of selecting among fortuitously good units also exist.
However, the advantages of crossing among the better replicates
to regenerate variations will presumably not exist for hybrid
programs, since they depend on creating complementary gene
arrangements. At this time, no theoretical work has been done
on these topics, however, and variations on the replication theme
have not been explored enough to dismiss the possibility that
some forms of replicated reciprocal recurrent selection may be
uniquely advantageous in tree breeding.

Except for pure-line development for parents of single-cross
hybrids, the performance of parents as individuals is not nearly
as important a basis of selection in hybrid breeding as in single-
population breeding. Thus, only direct testing of cross combina-
tions is reliable for hybrids. The gain in each generation can be
predicted as the variance among selection units, but prediction
for future generations is uncertain. Therefore, only the methods
which utilize some form of progeny or sib testing are useful.
Unless required for other reasons, mass selection and seedling
orchard methods in which the observational or test materials are
also used as parents are not suitable for hybrid breeding. Sepa-
rate seed-production operations will almost always be required.
If clonal reproduction of the commercially produced genotypes is
desired, then a separate operation for regeneration is clearly
required after the best genotypes are chosen. For any program
in which separate commercial seed production is required, there
is no need to maintain this operation in the same areas as the
test sites. In fact, controlled pollination may be easier outside
the natural range of the species.

A major problem in hybrid breeding occurs after the initial
parents within each population have been intermated. Each popu-
lation may have several thousand trees available for selection.
A tree’s phenotypic performance is likely to be poorly correlated
with its performance as a hybrid parent. The crossing and
evaluation phases, therefore, can be massive unless some schemes
for staging sequences of testing can reduce the numbers of entries
which require intensive handling. Various methods are possible
for sequential testing and selecting to reduce their parental
numbers to the minimum sizes required. If sequential data on
hybrid performance in reciprocal recurrent selection or recurrent



105

selection for specific combining ability are available, some form
of family selection may be feasible. It may also be desirable or
even necessary to select within parental populations for general
vigor before making hybrid test crosses and reselecting on progeny
performance. In all such cases, gain can be estimated by the ratio
of the genetic variances of the hybrid generation, as described by
Stuber and Cockerham (1966), and the phenotypic variance of
the test materials. The selection differential requires the same
considerations as for single populations, and the compromise
choices for maximizing s * h? between the s and h? elements are
essentially the same and require no development here. In recipro-
cal recurrent selection, for example, the same s may require that
fewer individuals be tested and selected as in single-population
recurrent selection. The denominator variance of h? should be
comparable, and the numerator covariances would be equivalent
in the additive genetic components to those for progeny-test or
sib selection. The numerator covariances, however, would also
include a dominance variance contribution which would vary
according to gene-frequency differences among the parental
populations.

The development of selections in a single population of hybrids
is no different from any other single-population breeding program,
except that the F, generation must be used to represent the base,
noninbred population, even though some linkage effects will linger
for several generations.

Otherwise, the same basic considerations of population size
and mating patterns remain, Single pair matings in any of the
various sib or cousin patterns may be duplicated in either kind of
program, and expansions of sets of pair matings in hybrid pro-
grams into multiple cross or partially controlled cross systems are
identical within parental populations. Test matings are the only
distinctive feature.

MIXED BREEDING PROGRAMS

Some traits may be best improved by utilizing heterosis, and
others by using additive gene effects. If the forest is to be com-
posed of a mixture of tree types, then breeding populations for
different objectives may be separated. However, if a single-
breeding population is required to simultaneously improve traits
by both hybrid and a single-population breeding, then a mixed
program is required.

A mixed program may be done by tandem selection, say first
for the additively inherited traits in each of the parental popula-
tions, and then for the heterotic traits in hybrids. Seed production
is then from the hybrid populations in general or specific crosses,
while breed-population regeneration requires intrapopulational
mating. Alternatively, additive and heterotic gene actions can be
simultaneously selected for if information on all performances is
available. The additional information on a tree’s own performance
and that of other relatives would always be useful for gain in
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traits dependent on additive gene actions, while progenies of
hybrid crosses are required for evaluation of traits dependent on
heterosis.

CONSIDERATIONS IN CHOOSING
BREEDING METHODS

Mode of reproduction, operational costs, time costs, and types
of gene action will determine the optimal breeding system. While
it may be simple to derive the basic concepts for estimating gain
for any system of s and k2, errors in estimation of parameters,
costs, and operational interactions are considerable. Thus, testing
large numbers of trees increases s but introduces wider environ-
mental and measurement errors and hence decreases h2. Also,
the cost of increasing s by one unit at high levels of selection
intensity is very high, because vastly greater numbers and pro-
portions are needed to change s. Changes in operational costs
affecting h? are seldom linear; the marginal cost of adding repli-
cates, for example, can be low if other tests and experiments are
to be conducted anyway. Benefits of small increases in breeding
products are also unlikely to be linear functions of gain in physi-
cal parameters, and, therefore, relative costs and risks are likely
to be nonlinear with respect to experimental size. Hence, small
gain differences even at high immediate land or operational costs
may justify choosing a more expensive breeding program.

The simplest form of breeding is rapid and cheap mass selec-
tion that any intelligent forester can apply to seed collection and
forest regeneration. While clearly the simplest, it may not be as
efficient or as profitable as the more sophisticated methods already
described. There are clear differences in the manner and efficiency
in which the various methods accumulate a favorable set of alleles,
since information is used differently and matings are made differ-
ently. If mass selection is considered as essentially costless or, at
least, no more costly than other methods of seed procurement,
then the costs of controlled crossing programs are only the
marginal costs of making specific crosses and keeping ancestral
identities. The benefits of such additional operations lie in the
control of effective population size for any given number of trees
and in the possible uses of family selection to increase herita-
bilities. Of the various crossing methods discussed, from partial
to complete control, fewer parents would be required for breeding
if ancestries are known, because some expected or feared level of
additional inbreeding would have to be assumed without control,
thereby decreasing the effective population size. To maintain some
minimal N, more parents would be included in the breeding
population, making less intensive selection desirable for methods
with less ancestral control. In addition, controlled crosses in the
breeding population, especially those of the diallel patterns, allow
the breeder to choose among favorable combinations of family and
individual selection to maximize the product of s and k2 and the
sum of gains derivable from each stage. There is some trade-off
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between s and k2 and between the efforts of making many crosses
with few trees per cross, and few crosses with more trees per
cross, but optimal combinations do exist. An additional benefit of
controlled crosses is the possible use of specific combining abilities
in temporary or short-run breeding operations. Only if families
are identified can they be used as recombinants for increasing
specific combining ability responses. Indeed, the detection of such
efforts themselves requires controlled intercrossing.

In addition to rapidly improving breeding populations, con-
trolled crossing permits somewhat more precise selection if prog-
enies within any generation are tested. General and specific
combining abilities can be estimated and used to improve the
commercial seed product within any one generation. Also, while
slower and more expensive, controlled crossing can achieve more
gain per generation if the s and h? for progeny tests compensate
for the time lost in breed development.

If the tree breeder is responsible for several species, coordina-
tion of operations can be overwhelmingly complex. He must deter-
mine for each species the unique genetic and phenotypic means
and variances, costs of operation, etc., to arrive at optimal
operational compromises with respect to selection differentials,
heritabilities, population sizes, etc. Then, a desirable extent of
controlled crossing desired and its pattern and sequence can be
established for the breeding operation. With limited time and
resources, various strategies may be followed to maximize total
improvement. Some may wish to establish a complete program
for each species, taking them in some order of importance, while
others may wish to attack all species simultaneously in a single
program. In general, however, efforts must be concentrated on
those most valuable species which can profit most by intensive
breeding programs. Programs for other species usually are limited
to minimal mass selection or simple recurrent selection. For such
multiple species programs, decisions on such questions as desired
selection differential for family and individual selection affect the
effort affordable on other species. Hence, efficient breeding of a
key species can determine the form of the entire program. Most
multiple species programs will probably have three classes of
operations. One or two widely planted species with high-genetic-
gain potential will receive maximum effort. Several species will
receive moderate effort to establish breeding populations with
controlled breeding options. And minimal efforts will be directed
to species that require some improvement but for which progress
is limited by lack of knowledge or planting potential. Allocation
of effort among breeding agencies within regional cooperatives or
governmental units could assure the long-term development of all
potentially useful populations.

All of the above methods depend completely on additive types
of gene action and eventually lead to homozygosity within repli-
cate trials. The choices between them rest on testing efficiencies
and costs, maximizing both s and k% at minimal costs, maintaining
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genetic variance, and species characteristics of the plants.

A major difference in concept exists if any of the hybrid
systems are pursued. Hybrid selection methods clearly depend on
developing complementary sets of genes in the parental popula-
tions. If gene actions turn out to be largely additive, hybrid selec-
tion may produce the same results as single-population selection
at a higher cost. However, if overdominant gene actions exist and
can be accentuated by developing complementary allelic frequen-
cies, these hybrids can offer great advantages. Otherwise, less
than complete dominance and epistasis may not be any better
utilized than in the single population. Various types of semihybrid
programs, however, such as developing single-population breeds
from a hybrid base population, may offer considerable advantages
when species or provenance hybrid combinations bring valuable
traits into the population for further concentration. Eventually,
the hybrid programs, too, will lead to homozygosity within paren-
tal sources. In hybrid programs, however, homozygosity will occur
so far in the future that new variants will be generated if popu-
lations are kept large.

In forest tree breeding, the present need is clearly for experi-
mental evidence on the biological and economic feasibility of the
diverse methods that appear to be available. Responses to mod-
erate selection and inbreeding must be found, and analyses are
needed on the effects of different environments on phenotypic and
genetic variances. Small replicate populations are particularly
well suited to single-population breeding, and the effects of their
use require empirical testing. Organization of hierarchies in such
replicated breeding populations, as recommended by Namkoong
and others (1971), should be explored for single-population breed-
ing and can be adapted to hybrid breeding in which the parental
populations are separately developed. Experimental testing of
breeding methods on rapid generation sequences is required.

SEED SOURCE SELECTION

The first step in all breeding programs has traditionally been
the choice of provenances to utilize available geographic varia-
tions. Since forest trees have been relatively unselected, unique
opportunities exist for exploiting natural racial variations within
species. Regardless of any other patterns of variation that may be
discerned, it is only reasonable to examine genetic differences
among subpopulations for their possible utility in building breed-
ing populations and for any limitations which may exist in cross-
ing among them or with other potential parents. One objective of
selecting trees from the best provenances is to collect the best
alleles into the base population and to increase their frequency by
breeding without having to return later to unimproved popula-
tions for useful alleles. It is most practical to start breeding at as
high a level of value as possible. However, proper breeding of
an average provenance will soon yield varieties better than any
existing unimproved provenance. Therefore, the breeder will have
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to choose between seeking improvement either through an initial
cycle of provenance tests or through immediate breeding of the
best provenance he has available. Variation among provenances is
usually exhausted for purposes of selection among them after
the best have been chosen.

Significant variations exist among local populations of almost
all wide-ranging forest tree species. While there are some notable
exceptions to this general phenomenon, Wright’s (1962) compre-
hensive review of provenance differences strongly indicates that
it is wiser to assume large subpopulation variations and to prove
the assumption wrong than to ignore the possible existence of
such variations. Variations among provenances and their possible
uses have already been well described elsewhere. The discussion
here is confined to the discerning of patterns of variation and the
sources and uses of such patterns.

The traditional concept has been that selection for vegetative
vigor should be limited to local sources, which are presumably
best adapted to local environments. Strong support for this con-
cept came from the classical studies on Achillea by Clausen and
others (1948). They suggested that natural selection eliminates all
migrants and genetic segregants not suited to local environments,
and that vigorous growth was highly correlated with competitive
ability and fitness. Further support for this view with forest trees
was developed by Langlet (1936) and Wakeley (1954). In any
test, growth would be expected to be best from the local source
with some degree of decrease as a function of environmental
distance.

Conflict with the traditional model was noted by Wright (1962),
who observed that local provenances of Douglas-fir were not al-
ways the most vigorous. Careful analysis of loblolly pine per-
formance in the “Southwide Pine Seed Source Study,” by Wells
and Wakeley (1966), demonstrated the existence of an optimal
growth zone along the southeastern coastal border of its range.
Genotypes from this zone outperformed all others in local tests up
to 200 miles inland. Similarly, growth potentials for genotypes
from more central populations and moderate climatic sources of
black walnut were considerably superior for growth vigor far
north of their present range (Bey 1970). In addition, optimal
climatic and soil regions near the centers of the ranges of slash
pine (Squillace 1966b, 1966¢c) and of ponderosa pine (Conkle
1973) produced genotypes which are superior far outside of their
local regions.

It would be valuable to know why natural selection has not pro-
duced locally optimal vigor or, perhaps, fitness. It may be that
vegetative vigor is not as well correlated with reproductive fitness
as we foresters might suppose, especially since we measure vigor
in plantations and not under natural conditions (Squillace and
Kraus 1959). Certainly, however, vegetative vigor and reproduc-
tive fitness cannot be completely independent. More exact models
and tests of the relationship between vigor and fitness are re-
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quired, but the following discussion assumes that less than maxi-
mal fitness is being maintained in some populations. Accidental
drift and restricted migration could produce random deviations
around generally fit area means, but the regular patterns that
have been observed cannot be so explained. It seems more likely
that variations in environments have more critical effects on fit-
ness values in ecologically marginal areas, and that the lack of
response to selection for vigor is itself a defensive response to
variability in environmental requirements. The concept of the
existence of stable, optimal populations evolving under variable
environments has been extensively developed by Levins (1968),
who showed that maximum fitness over several generations can be
achieved by a population that is not maximally fit in any one en-
vironment but reasonably good in all. If variations in climate, soil,
or other environmental factors are large, it can be advantageous
for populations to remain more conservatively adapted to the
harsher environments. In forest tree species, especially those on
ecologically marginal and variable sites, it can be advantageous
not to respond to selection for what may be only transiently favor-
able site factors. Only in more stable, optimal areas would fine
adjustments to environments add to the long-term fitness of the
species.

One mechanism to dampen response to selection is a high migra-
tion rate among populations. Antonovics (1968a) has recently
shown that among perennial organisms even limited amounts of
pollen migration can strongly inhibit immediate responses in
gene frequency to selection. Hence, currently unfavorable alleles
can be maintained at intermediate frequencies if migration is
effective. If the correlation between vegetative vigor and fitness is
high, however, strong selection will clearly tend to produce vigor-
ous local performance even with pollen migration (Endler 1973).
But if the correlation with commercially important traits is low,
the breeder should consider provenance selection in regions of
optimal ecological development and minimal environmental stress
as defined by the species itself.

An altogether different feature of provenances which may re-
quire special measures for selection is the genetic variance within
seed sources which itself may vary among populations. If few
populations are selected for breeding, then they should contain as
much of the potentially useful genetic variants as is possible to
obtain. In some cases, only large populations of species with con-
siderable migration will be selected, and little extra care will be
required. In other cases, however, the populations may be relic
stands, plantings of limited parental origins, or even mixtures of
a few clones as sometimes occur in Japanese Cryptomeria stands
(K. Sakai, personal communication). In those cases, remedial ef-
forts to regenerate genetic variations may be useful. One may
select trees only from those populations with a large effective pop-
ulation size and genetic variance, or select among several stands
of different origins to assure a low coancestry among the selects.



111

Much provenance research involves the discernment of relations
between environmental and yield factors. For example, after a
local provenance test the breeder often wishes to estimate the re-
lations between environmental variables at the seed source and
performance in his plantation. The interest for population ge-
netics lies in determining the extent of genetic segregation in
allelic frequencies and whether substantial genetic variance exists
within or between stands. The extent to which variation in traits
of interest is determined by environmental factors indicates the
relative strength of directional selection and migration versus
drift and other random forces in determining allelic frequencies.
The analysis of multiple regression in several traits simulta-
neously is therefore of value in interpreting genetic population
structure. The genetic covariance matrix among traits, estimated
after interpopulation effects are removed, represents the multivari-
ate analog of the simple genetic variance within populational sub-
divisions. One might wish to simplify interpretation by using
canonical or principal component analysis, but the total regression
and residual genetic covariance on all the traits should also be
estimated.

The matrix of p(p+1) genetic variances and covariances

2

among p traits is therefore desirable to estimate, and general
linear hypotheses (on additive or dominance effects in multivari-
ate space, for example) can be tested by multivariate analogs of
univariate analyses of variance. Thus, maximum-likelihood testing
of the dispersion matrix among provenances or among half-sib
families in several traits should be performed, and cluster analyses
should be attempted to discern communities of similar prove-
nances.

It is often difficult to define the location of optimum prove-
nances where regular patterns of response exist, especially if
plants have been moved much by natural or human endeavors. If
high-vigor zones occur at random, then only complete or random
sampling would locate them with any known probability. How-
ever, if trends exist, even with local error variations, the breeder
may wish to weight his sample in favor of areas most likely to
produce good genotypes.

Variables in source environment, such as seasonal rainfall, ele-
vation, soil type, and length of growing season, that influence
various expressions of yield can be identified. And for tests at one
planting location, multiple regressions of all yield variations on
all environmental-source variables can be determined.

For any one yield variate, the surface of response can be esti-
mated if enough source environments are sampled and maxima
and minima are estimated on those surfaces by standard linear
or nonlinear regression. The sampling problems are no different
from any other multiple regression problem, except that the com-
binations of environmental variables are not subject to simple
manipulation but must be sampled as they exist in nature. If the



112

objective of provenance testing is to determine general variations
and means, then general, range-wide or random sampling may be
best. However, if the objective is to estimate the location of
optimal regions, then heavier sampling around expected optimal
regions is desirable. For example, if more moderate environments
than available in local sources are expected to yield more vigorous
trees, a pattern of sampling using the local source as an extreme
and suspected optimal regions as centers of sampling may be
feasible. Combinations of environmental variables may be sought
which, in the dimensions of those variables, are constructed in
concentric circles or rectangles with replicated center points. Such
variables can be very efficient estimators of the surface for
maxima near the suspected region. The surfaces may be as simple
as the quadratic (Namkoong 1967) or some more complicated
asymptotic functions (Sarvas 1970) which require heavy sampling
in regions of maximum curvature, but all benefit from planned
sampling of environmental variables. Provenances can also be
analyzed for not only mean differences, but also for differences in
reaction to sites. The results may indicate different levels of
genotype-site interactions which can be studied by regression types
of analyses (Butcher and others 1972). The problem for most
programs, however, is that several traits are of interest simul-
taneously, and that simultaneous estimation and a unified form
of evaluation are required. Estimation problems for the multivari-
ate case are not especially difficult, but they require the estima-
tion of a matrix of regression coefficients instead of a simple
vector (Namkoong 1967). Except for problems with missing data,
the only new concepts involved are associated with the distribu-
tion of multivariate moments, and they should cause little diffi-
culty for the forester. The greater practical problem is that the
optimum environment for one trait may not be optimum for
others, and hence selection of an optimum set of environmental
variables is not simple.

If the value functions for the combined traits of interest are
independent among traits and can be well approximated by a
linear function, environments can be evaluated in terms of that
linear function. The evaluation can be made as if a single-value
trait was being measured, since, under the assumption of linearity,
relative values of traits do not change, regardless of the actual
levels of the trait variables. Nonlinear value functions are dis-
cussed in greater detail in chapter 4 in the section on evaluation.
For the present discussion, it is sufficient to state that a solution
for an optimal environmental vector may indicate a combination
of environmental variables which does not exist in nature. For
example, for a given value function, its maximum within the space
of environmental variables may lie at a combination of say low
winter temperatures and high winter rainfall. This combination
may not exist. To obtain trait combinations in provenance selec-
tion, then, mixtures or hybrids from complementary regions may
provide material for future selection. For example, source A may



113

promise good growth but little resistance, while source B prom-
ises high resistance but poor growth. If both traits are necessary
and not otherwise simultaneously available, a hybrid would con-
tain both traits at intermediate gene frequencies and could prom-
ise greater breeding gains. While the estimation and selection
problems are general for all breeding evaluations of a multivariate
nature, breeders dealing with provenance selection will immedi-
ately be faced with choices of mixing the most useful sources for
multiple traits in the base population.

In addition to problems of evaluating a multiple-regression sur-
face for multivariate decisions, a tree breeder is seldom interested
in one planting site. He must usually have to consider what single
source or combination of sources may be suitable over a range of
sites and how they will change for a set of planting environments.
Complete sampling of all sources on all sites is desirable but often
not feasible. Efficient sampling for testing suitable provenances on
a sequence of sites would require that some changing subset of
sources be tested on each site if some choice in source sampling is
possible. A partial sampling design may be like:

SOURCE
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Overlapping sources among planting sites are required to deter-
mine general source effects and to distinguish between source X
planting site interaction effects and general source average per-
formances.

A complete factorial sampling of all sources on all sites would
provide a complete picture of value at each combination, and we
could then describe a 8-dimensional factorial response surface of
value:
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If sources and sites are identically ordered and the order has
some relation to value, some simple surfaces may be described for
some simple hypothetical results.

If sources differed but were identical in response to all sites,
the value surface would be like:

If sites differed but had identical effect on all sources, the value
surface would resemble:

ZJ—;_,:ZS__
ST 7
/6/ Z Z /7

If both sites and sources differed but no interactions existed, the
value surface would resemble:
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If interaction existed, irregular surfaces would display various
forms. A condition of local sources always being best would look

like:

Less regular and mixed surfaces would have to be generally ex-
pected. To the extent that each site has unique optimal sources,
the site-by-source interaction can be expected to be high. To the
extent that sources perform consistently over different sites, the
provenance source will have a large effect at the expense of the
interaction component. It is such cases as these which were
alluded to in the discussion of optimal ecological zones. The gain
achievable is directly estimated by the mean differences observed.

In tests designed to evaluate provenance selection in which only
a sample of all possible provenances is taken, gain estimation is a
simple analysis of ordinary gain estimates by regression. If the
interaction component is high and selection is to be generally
among the best test sources, then the expected selective advantage
for starting with the best sources is the selection differential X h?
(provenance) ; where h? (provenance) is covariance (provenance
test value, breeding value) + variance (test values), and where
the selection differential is the difference between the population
mean and the mean of the selected provenance. In this case, the
numerator covariance of the provenance h? will be largely the
interaction variance component plus any contributions due to per-
sistent provenance performances.

If a mixture of sources is selected for starting the breeding
population, materials with different gene frequencies will some-
times be mixed in the breeding. Any dominance and epistatic
effects will then produce genetic recombinations and genetic vari-
ances in the Fs generation unforeseen in the parental or initial
crossing generations. It would, of course, be beneficial to start into
recurrent selection either for a hybrid system or for general com-
bining ability with a hybrid base population with some experi-
mental information on the importance of nonadditive effects.
However, if most provenance crossing displays additive and aver-
aging effects and little dominance or heterosis, as appears true for
most pine species, then provenance selection is simply a higher or-
ganizational form of family selection. Then, selection may be made
in a tandem fashion—first provenance or source, then family and
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individual. Simultaneous selection on an individual-tree basis is
also possible if some index weight is given to family and prove-
nance collateral relatives in judging individual worth. The effects
of linkage disequilibrium, however, will be felt for several genera-
tions.

To the extent that provenance selection is deemed worthwhile,
some question exists as to how much gain can be achieved by
second or multiple stages of refined selection of stands within gen-
eral provenance areas. If the initial sampling was small, then the
response surface is poorly estimated and the model form of the
surface may not even be detectable as being especially good or
poor. In such cases, the breeder may: (1) choose the best among
those he has sampled, (2) estimate and select from an optimum
environment, or (3) resample the population for further testing.
While further testing increases the chances for greater precision
and gain, time and experimental costs also increase, and one might
be better off to start a breeding operation if the benefit of better
provenance selection can be overcome by a generation of within-
population breeding. Thus, for example, the value of the selection
of seed-production areas or stands may not be worth much extra
time or testing if stand heritabilities are low and pollination is
uncontrolled. The more intensive the initial sampling was, the
less chance that either a more precise surface estimation would
indicate other optima or that stands other than those actually
sampled would be much better for starting a selection program.
Provenance selection may occasionally be all that is desired if
breeding in even minimal programs cannot be supported (Wright
1971). Thus, one generation of well-designed and intensively sam-
pled provenance tests is often as much testing as is desired for
starting either hybrid- or single-population breeding. Subsequent
population developments would then proceed either to develop the
separate parental population for hybrid production or single pop-
ulations for some form of recurrent selection for general combin-
ing ability.



CHAPTER 4
TESTING AND ESTIMATING VALUE
IN FOREST TREE BREEDING

It is clear that defining, measuring, and using gene effects in a
breeding program, or simply understanding the variations and
operations of natural events, involve highly complicated studies
in which optimum solutions may be difficult to produce. Efficient
estimation, breeding population development, and seed production
in a breeding agency all require careful design. In addition, since
the breeding program requires that all tasks be integrated, the
various phases of the complete program often require simultaneous
operation. Design problems can be highly complicated and arduous,
since they involve genetics, statistics, and mathematics applied to
the practical problems of testing, selecting, and breeding trees for
a multitude of purposes. Nevertheless, forest tree breeders are
required to also conduct tests which require unusually large
amounts of time and space, and hence demand efficiency in achiev-
ing all of the experimental goals sought. Testing trees, families,
or provenances for selection in forestry is complicated by chang-
ing environments and changing requirements for data on perform-
ance of different relatives on different planting sites. Because
of these problems, the plant resources required for testing must
be efficiently allocated.

In this chapter, testing and evaluation techniques are discussed
as additional objectives of efficient breeding. The use of informa-
tion on relatives in a linear function and the evaluation of multi-
ple traits, also in a linear function, are discussed. The use and
evaluation of correlated trait selection and response are examined
and nonlinear value functions are discussed. Genotype-by-environ-
ment interaction and competition models are then described. In the
following chapter, strategies for developing integrated research
and development programs in forest genetics are discussed.

INDEX ON RELATIVES

One method of increasing selection efficiency is to use as much
information as may be available on the performance of various
kinds of relatives. The more relatives that exist, the more precisely
the genetic value is measured, and the closer their relationship to
the units being selected, the more reliance can be placed on their
performance as supplements to the individual’s own performance.
Combining the information, which may indicate for example that

117



118

an individual is good but its half-sib family and parents are
poor, requires that the performances be put in a form that permits
fair weighting of the contrasting data to give precise selection
and hence maximum gain when the units are selected.

A linear function is a simple, reasonable form for a composite
index value: I=b,x,+bsxs+ . .., where the x; are the variables
for each kind of relative, and the b; are the index weights to be
determined. Then the true value of a tree, V, can be estimated with
some error by V=I+e, where e is the error in estimating true
value by the I index and is to be minimized. Then, as in any se-
lection scheme, expected genetic gain in value £ (AGy) when some
imprecision in selection exists can be approximated by the regres-
sion function E (AGy) =h2([;—w)?2, where k2 is the regression
heritability of the index values, and I;— u, is the selection differen-
tial between the mean index value of those selected and the general
population mean index value. The regression heritability h2=Cov
(I,V) = Var (I). For normally distributed traits (x variables can
be expected to be approximately normally distributed especially if
the 2’s are means), the expected selection differential E (I,—u;) =
(z/p)e;, where, as previously discussed, z is the ordinate of the
standardized normal distribution at the truncation point, and p

is the proportion selected. Then E (AGy) =z/p —‘:L =2/D pyioy.
1

Since oy is fixed in the population, and z/p is chosen by the breeder
to satisfy demands previously discussed, we maximize gain by
maximizing the correlation py; or by maximizing the error variance
of I around V. Using least squares procedures as in multiple re-
gression, an underline to indicate a vector, and a prime to indi-
cate a transposition, the relationships which we require are:

Pb=Cov_ (V)
or §:P'1 Cov (x;,V)

2
Oy Ozy2y  Ozy23

Where P = U'a;l:pz c'a,‘zz 0"02@‘3

the matrix of phenotypic variances and covariances,

b= b1
— b,
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the vector of weighting coefficients, and

Cov (z,V)= 82177 ((iz“;;

the vector of genetic covariances between the relatives and the
genotypes being tested.

It can be further seen that since:

b=PCov (a;, V),

and I =Q’£c,
Cov (I, V) =Q’C0v (a3, V),
and g2= ZZ'PZZ'

Therefore, a,2=9’PP'1Cov (x, V)
=Cov (I, V),
and therefore, h2=1I.
Since E (AGy) = (z2/D) oih?,
E (AGy) = (z2/p) oy,

in the scale of the index measures taken on the relatives, and gain
can be estimated as:

E (8Gy) = (2/p)VE'Pb
or  E(AGy) = (2/p)\/Cov (z, V)P Cov (=, V),

assuming that P, Cov (x;, V), and b are all well estimated.

This kind of index has some potential use in forestry when sib,
parental, and clonal data can all contribute to the estimate of
value of a tree (Namkoong 1966b). We can get an intuitive feeling
for how the index gives weights to the various relatives if we ig-
nore the phenotypic covariances in P and instead look at only the
phenotypic variances.

Then b= g, Cov (%1, V)
- 00,2 Cov (2, V)
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Therefore, ( b; Cov (21, V) /0, ?
by | =| Cov (3, V) /0.2
bs Cov (z3, V)/U,,-:

We can see that the closer the relationship to the tested genotype
is, the higher the covariance will be. The better we can estimate
the breeding value of a genotype by reducing nongenetic variation,
the lower the phenotypic variance (0s,2) will be, and hence the

greater the b; coefficient will be. For those species which can be
tested clonally, we would have direct measures of the genotype
and hence, the covariance of ramets with ortet would be the total
additive genetic variance. Also, clones can be planted in several
locations and replications and their value determined with mini-
mum error. Hence, if clones can be used, their weighting will be
very high (Libby 1964).

The variances in the diagonal of the P matrix are more easily
estimated from the variance of various family means or clonal
means. The covariances as between, say, full-sib and half-sib
family performances in a balanced experiment may be zero but in
unbalanced experiments may not be. Maximum likelihood esti-
mates of the index can still be computed (Henderson 1963). Inde-
pendently estimated means contribute no covariances to the P
matrix. The other genetic covariances between an individual selec-
tion unit value and the various relatives’ means may be simple
genetic covariances as for parent-offspring relations, but may in-
volve more complicated relationships between an individual and
its family if the individual itself contributes to the family mean.
In such cases, finite population correction factors can be used and
the standard indices estimated (Henderson 1963).

The more complicated the relationships involved, and the more
different kinds of relatives are estimated, the less well are the
various covariance matrices estimated and, therefore, the poorer
are the estimates of the optimal b coefficients. In a fairly ex-

tensive mixture of crossing and selfing data from a diallel estima-
tion experiment, Cockerham and Matzinger (1966) found that
simplified weighting procedures may often prove to be at least as
good as the complete least squares analyses. In fact, as analyzed
by Williams (1962) and Patel and others (1962, 1969), poor
estimation of the P matrix can, over several trials, lead to poorer
correlations of indices with true breeding value than simplified
weighting procedures on the basis of genetic correlations among
relatives or cost and precision of estimates.

Thus, for selection, very extensive tests of many kinds of rela-
tives may not be worth construction of separate experiments, even
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if they would be useful if they are otherwise available. More
remote relatives have little to add to selection precision and may
cause more problems in estimation of value than their limited
assistance is worth. Furthermore, the use of relatives is most
helpful in cases of low individual heritability, and even progeny
testing may not be worth the cost in time or effort required
(Namkoong 1970a) unless heritability is very low. Thus, while it
is useful to have data on relatives, selection gain alone may not
be worth the cost of extra matings and plantings to obtain the
data. Each program, however, must make that cost analysis for its
own benefit valuations. It must also be considered that multiple
traits are often simultaneously selected for and that the desir-
ability of using information on relatives usually varies among
traits. For example, selection for growth may have a high
heritability while selection for disease resistance may be low.
In addition, if the correlation between them is negative, one may
be forced to obtain the additional information for simultaneous
selection from progeny tests (A. E. Squillace, personal communica-
tion). Thus, a complete evaluation of progeny testing for obtain-
ing information on any kinds of relatives generally requires a
multiple-trait evaluation.

INDEX ON TRAITS

In the above discussion, we have generally assumed the ex-
istence of a single measure of value on each unit of selection for
which the various relatives are measured in some common way.
In general, however, several traits are selected for and the simul-
taneous improvement of all traits is often desired. Alternatively,
methods of improving one trait at a time in a tandem sequence
or of simply using truncation selection for each trait independently
to arrive at the same selection differential have been shown to be
poorer than simultaneous index selection (Young 1961, 1964).
One method of reducing the several-trait measures to a single
scale is essentially the same as for selection with multiple relatives
— 5 linear index function with weights estimated to maximize the
gain in value. Similar to the previous discussion, a linear function
is appropriate for independent evaluations of the traits, each of
which increases in value in a linear form. While this is clearly a
poor approximation, it may not be bad for small changes in each
component trait.

The index we wish to build would thus weight the trait vari-
ables in a linear function: I=byy,;+bys+ ..., and each trait
would have some relationship to value V as before. The only added
complication now is that value is some function, presumably linear,
of each trait’s true value, V=a,9:+azg2+ ..., where g; are the
inherited or true genetic values in the selection units, and a; are
the economic weights in the linear value function. As before,
the maximization of value requires the least squares estimates
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for the b coefficients from:
Pb=Cov (y, V)

or §=P-lCov(yi, V).

The new problem is that the covariance of each variable y; must
be taken with the linear function of value, V=a,9;+a.g.+ .

Since we are in a breeding operation, the covariance of a pheno-
typic measure (y;) with its genetic value (g;) in a selection unit
is the genetic variance or, more often, the additive genetic variance
of the trait o4 2 Similarly, the covariance of a phenotypic measure
on trait ¢ (y;) with the genetic value of another trait (g;) is the
genetic covariance or additive genetic covariance between traits

A4,
Then, since value V=a,9,+az9-+ ...,
the Cov (y;, V) =Cov (¥, @191+ 292+ .. .)

= a10241 +a20A1A2 +a30‘AIA3 + ..
QA104,4, +a202A2 +a3aA2,,3 + ...
104,4, +a20A2A3 +(L302A3 + ...
+ ...+ 000+
=(G)a,

where G is the genetic (additive) covariance matrix, and a is the
vector of economic weights.

Then b=P-Ga.

As before, the expected gain in value, using optimum weights
and assuming a linear economic model, is:

E(aG) = (z2/p).o:h?

where h2=Cov(Il,V)+ Var(l).
Since é =PGa
and I:l_)’g, and V=g,’:q,
then Cov(l, V)= Q’Cov(yi, gna
and Var(I) =2’Pl_)

=V'PPGa

=bGa

=b"Cov (y;, g)a=Cov (I, V).
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Therefore, h2=1
and E (AG) = (z2/p)o;

in the units of measure used to derive I. Even if a linear economic
function is adequate, poor estimates of P or G lead to the same
problems in estimating the optimum index weights as previously
discussed. The investigations of Williams (1962) and Patel and
others (1962, 1969) were directed to these kinds of indices and
resulted in recommendations that the estimated b weights were

better when the linear, additive genetic variances were high
relative to nonadditive genetic variances and that estimates of the
coefficients were restricted to within reasonable limits.

A more general condition for selection index construction in-
cludes cases in which it is wished to keep some traits in the popu-
lation unchanged. While essentially similar in form to the indices
constructed above, the value is to be maximized under constraints
which require zero-valued functions to exist (Tallis 1962). Kemp-
thorne and Nordskog (1959) state the restrictions in algebraic
form as linear functions of genotypic values ¢’g=0, and maximize

the value function using Lagrangian multiplie_rs. The optimum b
estimate then is: -

b=[1-PGC(C'GPGC)1C'G1PGa,

where C is the matrix of coefficients of the restricting equations
and the other matrices are as previously defined. If C=I as for
the case of no restrictions, the equation reduces to the familiar

b=P-Ga.

A different kind of index is required if dominance types of gene
action are used, as in hybrid or mixed breeding systems. In such
cases, the genetic value of the entries is also dependent on domi-
nance effects and dominance and additive-by-dominance genetic
variances. These genetic variances and covariances, however, are
defined according to their hybrid population statistics as developed
by Stuber and Cockerham (1966).

CORRELATED RESPONSE

The effects of selection for one set of traits on changes in other
traits are clearly of great interest to foresters, since many forests
are subject to multiple simultaneous demands and future forests
are subject to selection for different sets of traits. Maintaining
variation in the forests by maintaining huge populations or by
selecting to maintain some intermediate mean values may both
be useful, though large population size is easier to use and likely
more conserving of variance. A more critical problem is that
genetic correlations and hence correlated responses to selection
are notoriously variable from generation to generation. If the
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correlations among traits are due to nongenetic sources, they can
change with environmental or cultural variations. If they are
partly genetic, then they may change as linkages change or as
they influence the relative effects of pleitropy or epistasis on trait
correlations.

It may also be useful to select trees for improvement in one
trait like yield by measuring a more easily observable associated
trait like height growth. The associated trait may be measurable
under less environmentally variable conditions or measurable
several years earlier than the trait of direct economic value. Selec-
tion efficacy depends on the nature of the correlation between the
traits.

Faced with problems associated with poor estimations and
changing genetic correlations, greater assurance of achieving gains
can be given if the numbers of traits are limited to a few with
relatively assured values and breeding is followed with large
population sizes.

One form of index selection on correlated traits which would
be extremely valuable in forestry is selection on a set of juvenile
traits for mature tree performance. Several juvenile traits that
can be easily measured may, by themselves, have an economic
value of zero but still be useful if correlated with one or several
mature tree traits. In terms of single pairs of juvenile-mature
tree traits, Nanson (1970) has clearly demonstrated that for many
traits in a wide variety of forest tree species, these correlations
are high enough that substantial savings in cost and rate of genetic
gain can be achieved by selection early in the life cycle. The gain
from selection on x on the correlated trait of value y, using linear
approximations, is:

E(AG,) =tioh,?bs,y

when h,2=¢4,%/0p,%, the heritability of trait x, and b,, is the
regression between the genotypic value of ¥ on the genotypic
value of x. The numerator of the regression is usually restricted to
the additive genetic covariance between the two trait performances
cazay, While the denominator is ¢,4,2%, the additive genetic variance
of x.

2
g ag
Then  E(aG,)= 4z  Jasty
Opy OAx
_ CAzAy _ -+
=1———=17Tps,4y T4y
Opy

or as Falconer (1960) states:
2
E(AGU) =iaA_mbAwAy
Opz

«O4p
=1

Taz,4y T4y
Opy

__ 04z O4y
=1 “TAw,Ay OpPy
Opr Opy
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NONLINEAR RELATIONS

As suggested in chapter 1, means and variances are descriptors
of population behaviors useful primarily as initial approximations
to biological phenomena. Similarly, the linear covariances and
correlations described above are useful first approximations to
the actual relationships among population measures. True linearity
of relationships among traits should not be assumed; it is a rare
exception in the real world. Few traits are linearly related and,
even when measuring the same trait in different relatives, the
conditions of the testing or ages of the relatives may differ. Hence,
the covariance between say offspring and parent is often not
one-half of a genetic variance, but is one-half of a genetic co-
variance. This relationship, however, may not be linear. In such
cases, curvilinear regression adjustments are often made to
linearize the parameters of the model and multiple regression
coefficients used for each trait. These introduce no new theoretical
problems, are useful second approximations to reality, and are
about all that can now be done without using nonlinear mathe-
matics.

If we can then assume that breeding can be efficiently performed
for a given set of values, the central problem in forest tree breed-
ing is defining and measuring value when the traits themselves
are complica